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Rice is an important staple food for over half of the world’s population. Rice production 
routinely faces the risk of pathogen and pest outbreaks which may cause significant yield loss 
such as rice root-knot nematodes, bacterial leaf blight, and brown planthopper. Currently, 
pesticide use is the dominant practice for pest and disease management in Asian rice farming. 
The use of beneficial microbial agents for the control of pathogens and pests is a potential tool 
to sustain rice productivity and reduce ecological and environmental impacts due to pesticide 
overuse.  
Initially, 15 putatively beneficial bacteria, previously shown to be antagonistic to rice fungal 
pathogens (Rhizoctonia solani, Pyricularia oryzae, Fusarium moniliforme) were revived and 
cultured. I tested their potential activity against Xanthomonas oryzae pv. oryzae, Meloidogyne 
graminicola and Nilaparvata lugens. The results of these experiments (Chapter 2) showed that 
some beneficial bacterial strains demonstrated either their adverse effects on the 
abovementioned biotic stressors or promoted plant growth. Because of their adverse effects on 
bacterial leaf blight and plant growth promoting effects, I selected In-b-17, In-b-590 and G266 (a 
beneficial Xanthomonas sp.) for experiments to explore the mechanisms of their effects against 
bacterial leaf blight and rice root-knot nematodes. Since In-b-17 and In-590 were not identified, 
I sequenced their 16S rDNA and identified them as Bacillus sp. and Paenibacillus sp. respectively.  
Microbial volatile compounds have received attention as tools to promote plant growth and 
suppress pathogens, nematodes and insects. I hypothesized that the chosen bacterial strains 
(Bacillus sp., Paenibacillus sp. and Xanthomonas sp.) might produce volatile compounds toxic to 
rice root-knot nematodes and Xanthomonas oryzae pv. oryzae (bacterial blight pathogen). Rice 
root-knot nematodes and Xanthomonas oryzae pv. oryzae were exposed to bacterial volatiles in 
vitro and in planta. The results of these experiments (Chapter 3) suggested that bacterial volatiles 
were rapidly toxic to the second-stage juveniles of rice root-knot nematodes in vitro and reduced 
nematode infection in planta. Also, bacterial volatiles inhibited Xanthomonas oryzae pv. oryzae 
growth in vitro. However, there were no adverse effects of bacterial volatiles on Xanthomonas 
oryzae pv. oryzae observed in planta. Interestingly, bacterial volatiles from Bacillus sp. and 
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Xanthomonas sp. were toxic to rice germination and seedlings in vitro but not in planta. The 
results suggested that bacterial volatiles may be a potential tool for the control of rice root-knot 
nematodes and other soil-borne pathogens but the high concentration of volatiles may be toxic 
to rice. 
In Chapter 4, the mechanistic effects of beneficial bacterial strains (Bacillus sp. and 
Paenibacillus sp.) were investigated in vitro and in planta. Bacillus amyloliquefaciens and 
Paneibacillus macerans strains, previously shown to have no effect on Xanthomonas oryzae pv. 
oryzae, were included as positive controls. Results from these experiments suggested that 
beneficial bacterial strains might use different strategies to control above- and below-ground 
pathogens (Xanthomonas oryzae pv. oryzae and rice root-knot nematodes respectively). The 
strategies were likely direct and indirect effects against above- and below-ground pathogens. For 
instance, Bacillus sp. and Paenibacillus sp. antagonized above- and below-ground pathogens in 
vitro while B. amyloliquefaciens and P. macerans did not show antagonism against Xanthomonas 
oryzae pv. oryzae. Putative antimicrobial peptide-encoding genes were amplified from Bacillus 
sp., but not B. amyloliquefaciens. However, more studies needs to be conducted to confirm the 
identity and functional importance of these genes. These antimicrobial peptide genes might likely 
contribute to the antagonism against Xanthomonas oryzae pv. oryzae. The putative antimicrobial 
peptide genes in Paenibacillus spp. could not be identified. The beneficial bacterial strains also 
emitted volatile compounds that were toxic to the second-stage juveniles of rice root-knot 
nematodes and the growth of Xanthomonas oryzae pv. oryzae in vitro. Xanthomonas oryzae pv. 
oryzae and rice root-knot nematode infection was reduced when rice was treated with the 
Bacillus sp. and Paenibacillus sp. suspensions in planta. Also, selected beneficial bacterial strains 
might indirectly induce plant responses against Xanthomonas oryzae pv. oryzae and rice root-
knot nematode infection. The RNA-Seq analysis might suggest that the plant cell wall was 
reinforced against pathogen attacks when treated with selected beneficial bacteria. 
I conducted a study on postembryonic ventral nerve cord (VNC) development and gonad 
migration of Steinernema carpocapsae, an entomopathogenic nematode (Chapter 5). The result 
showed that the development of the VNC of S. carpocapsae was similar to Caenorhabditis 
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elegans. However, the gonad migration pattern of S. carpocapsae was distinct from both C. 
elegans and the Diplogaster nematode Pristionchus pacificus. 
This study provides evidence for a possible use of beneficial microbes as biocontrol tools 
against rice pathogens and pests. The mechanisms of beneficial bacteria against above- and 
below-ground rice pathogens such as direct, indirect and volatile effects were studied. It will be 
interesting to explore further the effect of bacterial volatiles for the control of rice root-knot 
nematodes and other soil-borne pathogens as a form of fumigant. Also, it would be interesting 
to investigate the effects of cell-wall related genes in resistance against pathogens and transfer 
the knowledge to a breeding program to create resistant varieties against both above- and 
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LITERATURE REVIEW: OVERVIEW OF MECHANISMS OF BENEFICIAL MICROBES AGAINST 
DIVERSE PATHOGENS AND PESTS AND NEMATODE VENTRAL NERVE CORD AND GONAD 
MORPHOLOGY 
Mechanisms of beneficial microbes against plant pathogens and pests 
Plants have evolved complex physical and biochemical strategies to defend against insects 
and plant pathogens (Howe and Jander, 2008, Ponzio et al., 2013). For example, some plants are 
associated with beneficial microbes that suppress biotic stress and promote plant growth (Smith 
and Goodman, 1999). Beneficial plant-associated microbes can have either direct effects in 
suppressing insect herbivores and pathogens, for instance by producing secondary metabolites 
toxic to a particular pest or pathogen, or indirect effects on herbivory insects and pathogens by 
upregulating plant defense (Berendsen et al., 2012). Beneficial associations between plants and 
microbes have been documented from several bacterial genera (Bent, 2006; Verma et al., 2010). 
Among these microbes, Pseudomonas spp. and Bacillus spp. are the two genera most often 
reported to enhance rice defenses against pests and pathogens (Table 1.1).  
Direct interactions between beneficial microbes and rice pests and pathogens 
Antibiotic compounds released by beneficial microbes can have direct inhibitory effects on 
pathogens and pests. For instance, the 2,4-diacetylphloroglucinol (DAPG) produced by P. 
fluorescens inhibited the growth of Xanthomonas oryzae pv. oryzae (Xoo) (bacterial blight 
pathogen) in the laboratory and suppressed disease incidence in net-houses and field experiment 
(Velusamy et al., 2006). The 2,4-DAPG was also a determinant of induced systemic resistance 
(ISR) in Arabidopsis, tomato and wheat (Weller et al., 2012; Kwak and Weller, 2013). Another 
antibiotic compound, pyocyanin, secreted by P. aeruginosa 7NSK2 suppressed blast disease 
(Magnaporthe grisea) but increased the susceptibility of rice to Rhizoctonia solani (De 
Vleesschauwer et al., 2006). The antibiotic compounds, difficidin and bacilysin, produced by B. 
amyloliquefaciens FZB42, altered the cell wall and structure of Xoo and downregulated the Xoo 
genes regulating virulence, cell division, and protein synthesis, leading to pathogen suppression 
(Wu et al., 2015).  
2 
 
Beneficial microbes also release antifungal compounds. Enzymes like glyceraldehyde-3-
phosphate dehydrogenase and serine protein kinase secreted by B. subtilis KB-1122 contributed 
to the inhibition of M. grisea in vitro (Zhang et al., 2014). Phenaminomethylacetic acid secreted 
by B. methylotrophicus BC79 inhibited the mycelial growth and spore germination of M. grisea in 
vitro and significantly decreased disease severity (Shan et al., 2013). There was a negative 
correlation between β-1,3-glucanase, endogenous salicylic acid, and hydrogen cyanide 
production by P. fluorescens strains and growth of R. solani. However, it is unclear if these anti-
fungal compounds are acting through direct or indirect action (Nagarajkumar et al., 2004). In 
addition, beneficial microbes may also protect rice through detoxification of pathogen-released 
toxins. Nagarajkumar et al. (2005) found that secondary metabolites produced by P. fluorescens 
could detoxify oxalic acid, the main compound attributed to the virulence of R. solani.  
While numerous studies have focused on the direct effects of beneficial microbes on rice 
pathogens, not much in known regarding their effects on insect and nematode pests of rice 
(Saravanakumar et al., 2007). Pseudomonas fluorescens and Pseudomonas putida produced 
aconitate isomerase that acted as an antifeedant against rice brown planthopper (Nilaparvata 
lugens) (Watanabe et al., 1997). Secondary metabolites of B. megaterium reduced the hatching 
of rice root knot nematode (RRKN; Meloidogyne graminicola) eggs and decreased the 
penetration rate in rice roots (Padgham and Sikora, 2007). The study of beneficial microbes’ 
direct effects on rice herbivorous insects and parasitic nematodes is a critical research direction 
to be addressed. 
Plant-mediated interactions between beneficial microbes and rice pests and pathogens 
Induced resistance is defined by Kloepper et al. (1992) as resistance acquired when plants 
were exposed to certain “biotic and abiotic agents”. These agents can be chemicals, pathogens, 
and avirulent pathogens that can activate plant defense (van Loon et al., 1998). Defense 
components can accumulate at the point of attack; referred to as localized acquired resistance 
or at non-infected tissue located away from the infected point called systemic acquired 
resistance (SAR) (van Loon et al., 1998). Also, induced resistance appeared in the interaction with 
beneficial microbes calls induced systemic resistance (ISR) effective against a broad spectrum of 
pathogens and pests (van Loon et al., 1998; Vallad and Goodman, 2004; Choudhary et al., 2007; 
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De Vleesschauwer and Höfte, 2009; Pineda et al., 2010; Balmer et al., 2012). Both SAR and ISR 
use a common transcriptional activator called “Non-expressor of PR genes1” (NPR1) which plays 
an important role in activation of defense pathways (Choudhary et al., 2007; Pieterse et al., 
2014). However, SAR is characterized by the accumulation of pathogenesis-related (PR) proteins 
and salicylic acid (SA) while ISR is regulated by the jasmonate (JA) and ethylene (ET) pathways 
and does not result in the accumulation of pathogenesis-related (PR) proteins and salicylic acid 
(Pieterse et al., 1996; Vallad and Goodman, 2004; Choudhary et al., 2007; De Vleesschauwer and 
Höfte, 2009, Pieterse et al., 2014). The mechanisms of ISR by beneficial microbes against insect 
herbivores and pathogens have been intensively studied in dicots (Bent 2006; Choudhary et al., 
2007; Van Loon et al., 2007). However, it is unclear if similar mechanisms apply to economically 
important monocots such as rice (Balmer et al., 2012). 
ISR results in the upregulation of several key defensive compounds such as peroxidase 
(POXs), polyphenol oxidases (PPOs), phenylalanine ammonia lyase (PAL), lipoxygenase (LOXs) and 
chitinase (Kurabachew and Wydra, 2014; Murthy et al., 2014). There is some evidence that 
beneficial microbes induce rice defene against various pests and pathogens. For instance, 
pseudobactin, produced by some species of genus Pseudomonas, plays a role in triggering ISR in 
several plant – pathogen systems (Bent 2006; Van loon et al., 2007; De Vleesschauwer et al., 
2009). Pseudobactin with the high affinity to the iron reduces the availability of the iron which is 
essential for the growth and reproduction of pathogens on diverse hosts (Bent 2006; Van loon et 
al., 2007; De Vleesschauwer et al., 2009). In rice, P. fluorescens WCS374r produced pseudobactin 
that activated the expression of multiple defense pathways against M. grisea (De Vleesschauwer 
et al., 2008). 
Proteinase inhibitors (PIs) are one of the most abundant classes of defense proteins in plants 
(Lawrence et al., 2002; Dunse et al., 2010). PIs produce adverse effects on herbivorous insects by 
inhibiting insects’ digestive enzymes, eventually causing starvation (Azzouz et al., 2005). Also, PIs 
such as trypsin and chymotrypsin inhibitors are thought to disrupt insect digestive systems 
resulting in a reduction of larval weight, mortality and adult malformation (Saravanakumar et al., 
2007). Trypsin and chymotrypsin inhibitors were upregulated in rice inoculated with P. 
fluorescens Pf1 + TDK1 + PY15 and infested with rice leaffolders (Saravanakumar et al., 2007). PIs 
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also play a key role in suppressing pathogens, for example, by inhibiting spore germination and 
mycelial growth of Fusarium oxysporum and Alternaria alternata on buckwheat (Dunaevskii et 
al. 1997; Joshi et al. 1998) and suppressing pathogenic nematodes like Globodera tabacum, G. 
pallida, and Meloidogyne incognita on potato (Williamson and Hussey, 1996). However, there is 
lack of information about the mechanism of PIs in suppressing rice pathogens and parasitic 
nematodes. 
Peroxidases (POXs) are oxidative enzymes that play key roles in plant defense against insects 
(War et al., 2012) and pathogens (Hammerschmidt et al., 1982). POXs strengthen the cell wall 
and thereby reduced pathogen penetration (Hammerschmidt et al., 1982). POXs also reduce leaf 
quality to insects or produce toxins to decrease herbivory (War et al., 2012). Beneficial microbe-
associated rice showed an upregulation of POXs when challenged with bacterial and fungal 
pathogens or rice root-knot nematode (RRKN) (Vidhyasekaran et al., 2001; Udayashankar et al., 
2011; Nandakumar et al., 2001; Radjacommare et al., 2004; Nagendran et al., 2014 and 
Seenivasan et al, 2012). Furthermore, a combination of beneficial microbial strains resulted in a 
higher amount of POXs compared to plants inoculated with individual strains (Seenivasan et al, 
2012). 
Polyphenol oxidases (PPOs) are plant enzymes that induce resistance to pathogens and 
insect pests (Thipyapong, and Steffens, 1992; War et al., 2012). PPOs synthesize melanin to 
enhance the resistance of plant cell wall. PPOs also decrease the leaves’ nutritional quality and 
involve in toxin production which led to reduced rates of pest and pathogen growth and 
development (War et al., 2012). An upregulation of PPOs was observed in rice plants inoculated 
with beneficial microbes and infested with pathogens or pests (Udayashankar et al., 2011; 
Nagendran et al., 2014; Saravanakumar et al., 2008; Seenivasan et al, 2012). Additionally, the 
population and diversity of natural enemies in the beneficial microbe treatment were higher than 
the control (Saravanakumar et al., 2008). There was a correlation between PPOs and volatile 
organic compounds (VOCs) measured on Lima bean (Phaseolus lunatus) (Ballhorn et al., 2013). 
This may be due to the involvement of PPOs to produce VOCs that attract natural enemies. 
Phenylalanine ammonia lyase (PAL) plays an important role in the biosynthesis of phenolic 
compounds related to plant defense such as phenols and lignin (Fukasawa-Akada et al., 1996; 
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Ngadze et al., 2012). PAL accumulation increased in beneficial microbe-associated rice plants 
infested by bacterial pathogens and RRKN (Vidhyasekaran et al., 2001; Udayashankar et al., 2011; 
Nagendran et al., 2014; Seenivasan et al., 2012). When challenged with Xoo, rice plants 
inoculated with P. fluorescens had higher amounts of lignin content in leaves compared to control 
plants (Vidhyasekaran et al., 2001; Rêgo et al., 2014).  Lignin acts as the first physical barrier of 
plants against pathogens and insects (Barakat et al., 2010). Lignin deposition physically blocks 
pathogenic penetration, enhances leaf toughness and reduces access to plant nutrition resulting 
in a lower insect feeding rate. Lignin synthesis is upregulated following exposure to pathogens or 
insects (Johnson et al., 2009). 
Lipoxygenases (LOXs) are a group of anti-oxidative enzymes that are involved in plant 
defensive processes (Bruinsma et al., 2009). Linoleic and linolenic acids are the main substrates 
of LOXs in plants. LOXs play a role in the oxidation of linolenic acid in JA signaling pathway which 
induces production of oxidative enzymes, protease inhibitors (Mao et al., 2007) and VOCs that 
attract insects’ natural enemies (Bruinsma et al., 2009). LOXs are also upregulated following 
exposure to pathogens (Ohta et al., 1991). LOXs are involved in the production of the 
antimicrobial compounds (Croft et al., 1993) or induction of the hypersensitive response, a state 
of plant cell death at the infection site (Rusterucci et al., 1999; Bashir et al., 2013). When 
challenged by herbivorous insects, rice plants treated with beneficial microbes have increased 
LOXs content compared to controls (Saravanakumar et al., 2008; Karthiba et al., 2010). Moreover, 
in these studies, the treated rice attracted more natural enemies than controls (Saravanakumar 
et al., 2008; Karthiba et al., 2010). This can be explained because LOXs are involved directly in the 
production of PIs or indirectly in the release of VOCs to attract beneficial organisms (War et al., 
2012). The relationship of LOXs and VOCs were well-described in the reviews of Kessler and 
Baldwin, (2002) and Howe and Jander (2008). 
Chitinase is an enzyme capable of dissolving chitin, which is the main structural component 
in fungal cell walls, insect exoskeletons and the eggshells of insects and plant parasitic nematodes 
(Miller and Sands, 1977; Sharma et al., 2011). Several studies have shown a high accumulation of 
chitinase in beneficial microbe-associated rice challenged with pathogens or herbivores 
(Radjacommare et al., 2004; Saravanakumar et al., 2008; Seenivasan et al, 2012). 
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Microbial volatile compounds, a group of secondary metabolites, are unexplored to date 
Microbial volatile compounds have received attention as tools to promote plant growth and 
suppress pathogens, nematodes and insects (Ryu et al., 2003; Gu et al., 2007; Popova et al., 2014; 
Park et al., 2015; De Vrieze et al., 2015; Xu et al., 2015; Cheng et al., 2017; Tahir et al., 2017a,b 
and Xie et al., 2018). Microbial volatile compounds reduced infection of tomato by root-knot 
nematodes (Xu et al., 2015; Liarzi et al., 2016; Cheng et al., 2017; Terra et al., 2017; Terra et al., 
2018). Little is known about the effect of volatile compounds on pathogens and pests of rice. For 
example, volatile compounds have also been shown to suppress the causal pathogen of bacterial 
leaf blight Xanthomonas oryzae pv. oryzae (Xoo) (Xie et al., 2018). However, the effect of volatile 
compounds on other pathogen groups affecting rice is unexplored. Similarly, the potential 
phytotoxic effects of volatile compounds on rice are still unclear.  
Most damaging rice pathogens and pest 
The rice root knot nematodes (RRKNs), Meloidogyne graminicola, are economically the most 
important phytopathogenic nematode of rice (Patil et al., 2013; Upadhyay et al., 2014). RRKNs 
may cause yield losses up to 80% in severely infested fields (Dutta et al., 2012; Khan et al., 2012; 
Upadhyay et al., 2014). There are various strategies used to control RRKNs such as irrigation, crop 
rotation, growing resistant varieties, and using nematicides (Dutta et al., 2012, Upadhyay et al., 
2014). Nematicide application is an effective way to manage RRKNs but adversely affects the 
ecosystem and human health (Khan et al., 2012). Beneficial microbes are potential alternative 
controlling RRKNs. Numerous studies have used beneficial microbes to inhibit various aspects of 
nematode infection or development (Padgham and Sikora, 2007; Pankaj et al., 2010; Seenivasan 
et al., 2012). However, the mechanism controlling these effects needs to be investigated. 
Bacterial leaf blight (BLB) is one of the most yield-limiting diseases in Asia (Xie et al., 2018). 
The causal pathogen of BLB is Xanthomonas oryzae pv. oryzae (Xoo), a gram-negative bacterium 
that grows in the xylem vessels and causes yellow or white lesions on the leaves (Doucouré et al., 
2018). Most high-yield varieties of rice are susceptible to BLB which causes yield loss from 20 up 
to 80% in severe infections. Chemicals and antibiotics are ineffective at controlling BLB. 
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Biocontrol is an appropriate strategy for the control of BLB (Khan et al., 2014; Yasmin et al., 2016; 
Haidary et al., 2018). 
Brown plant hopper (Nilaparvata lugens) –BPH- is the most important yield-destroying pest 
of rice and can lead to complete yield loss (Sogawa, 1982; Prasannakumar et al., 2014; Heong 
and Hardy, 2009). This insect sucks fluids from the phloem and xylem of rice plants thereby 
reducing rice yield (Sogawa, 1982; Velusamy and Heinrichs 1986). Moreover, it is also a vector of 
viral diseases like Ragged stunt virus and Grassy stunt virus (Ghaffar et al., 2011; Prasannakumar 
et al., 2014). While numerous studies have focused on the effects of beneficial microbes on rice 
pathogens, not much in known regarding their effects on insect pests of rice (Saravanakumar et 
al., 2007). Pseudomonas fluorescens and Pseudomonas putida produces aconitate isomerase that 
acts as an antifeedant against rice BPH (Watanabe et al., 1997). 
Currently, pesticide use is the most common practice for insect and disease management in 
rice production (Norton et al. 2010). Chemicals are not effective or too expensive and toxic to 
humans and the environment (Zasada et al., 2010; Yasmin et al., 2016). High-yielding rice 
varieties are often susceptible to the abovementioned pathogens and insects (Galeng-Lawilao et 
al., 2018; Xie et al., 2018). Also, resistance is rapidly overcome due to the variation virulence 
among pathogens and pests (Yasmin et al., 2016; Hao et al., 2018). Therefore, the use of microbial 
agents has emerged as a potential tool to sustain rice productivity and reduce ecological and 
environmental impacts associated with pesticide overuse (Mathivanan et al., 2005; Ahemad and 
Kibret, 2014; Khan et al., 2014). 
A glance at ventral nerve cord and gonad morphology 
Steinernema spp. are entomopathogenic nematodes used for the control of insect pests and 
for the study of bacterial symbiosis (Mandel, 2010; Lacey and Georgis, 2012). Although the 
general life cycle of Steinernema species is well-established, their postembryonic development 
has received little attention. As part of a comparative study, Han et al. (2016) demonstrated that 
the ventral nerve cord (VNC) of the infective juvenile (IJ) stage of Steinernema carpocapsae and 
Steinernema feltiae differed substantially from the dauer stage of Caenorhabditis elegans.  
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The VNC of C. elegans comprises a linear series of 57 motor neurons that synapse to most 
body wall muscles. The VNC is bound at the anterior end by the retrovesicular ganglion (RVG) 
and at the posterior end by the preanal ganglion (PAG), each of which contains additional motor 
neurons (Sulston, 1976; White et al., 1976). Han et al. (2016) found that IJs of both S. carpocapsae 
and S. feltiae contain approximately 20 more putative neurons in the VNC than C. elegans. 
The development of the VNC in C. elegans is well described. C. elegans hatches as a J1 with 
only 15 VNC neurons. During J1 development, a series of subventral precursor cells migrate into 
the VNC and divide to form the remainder of the VNC. By late J2, C. elegans hermaphrodites have 
completed VNC development (Sulston, 1976; Sulston and Horvitz, 1977). In our previous study, 
Han et al. (2016) found diversity in the timing of VNC development among select species. 
However, the development of the VNC in Steinernema was not explored. 
The gonad morphology of C. elegans and Pristionchus pacificus is intensively studied (Kimble 
and Hirsh, 1979; Hubbard and Greenstein, 2005; Rudel et al., 2005). Rudel et al. (2005) illustrated 
that the gonad migration in P. pacificus is different from C. elegans. However, the gonad 
migration of endoparasitic nematodes such as Steinernema spp.  is underexplored.  
In this dissertation, the mechanistic effects of beneficial bacterial strains on rice against root-
knot nematodes, bacterial leaf blight and brown planthopper were investigated in Chapter 2, 3 
and 4. Chapter 5 is a study of the VNC development and gonad migration during the 









              Table 1. 1. Impact of beneficial microbes on pests and pathogens of rice 
Beneficial microbe 
(species and strains) 
Pest or pathogen Pest or pathogen response Reference 
B. pumilus INR7, SE34 
and T4; B. 
amyloliquefaciens 
IN937a, B. subtilis 
IN937b and GB03; 
Brevibacillus brevis 
IPC11 
Xanthomonas oryzae pv. 
oryzae  
suppressed bacterial leaf blight incidence, 
lesion length and plant wilting; increased 
germination rates and promoted plant 
growth  
Udayashankar et al. 
2011 
Bacillus strains YC7007 
and YC7010T  
Xanthomonas oryzae pv. 
oryzae  
decreased disease severity and promoted 
plant growth  
 Chung et al., 2015 
Pseudomonas 
fluorescens Pf1  
Xanthomonas oryzae pv. 
oryzae  
decreased disease severity and increased 
yield. 
Vidhyasekaran et al. 
2001  
P. fluorescens  Pyricularia oryzae inhibited mycelial growth, appressoria 
formation; induced systemic resistance 
Lucas et al., 2009; 
Spence et al., 2014; 
Shimoi et al., 2010;  De 
Vleesschauwer et al., 
2008; Krishnamurthy & 
Gnanamanickam, 1998 
B. subtilis KB-1122  Pyricularia oryzae suppressed mycelial growth  Zhang et al., 2014 




Bacillus cereus II.14 
Pyricularia oryzae decreased disease severity and increased 
yield 
Suryadi et al. 2013 
P. fluorescens (Pf1 and 
FP7) 
Rhizoctonia solani  inhibited vegetative growth of the pathogen 
and promoted rice seedling growth 
Radjacommare et al. 
(2004)  
P. fluorescens  Rhizoctonia solani  decreased disease severity Mathivanan et al., 
2005 
B. subtilis var. 
amyloliquefaciens 
(FZB24)  
Rhizoctonia solani  repressed mycelial growth in vitro; 
suppressed disease incidence, prevalence 
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SCREENING THE EFFECTS OF BENEFICIAL BACTERIAL STRAINS AGAINST MULTIPLE 
BIOTIC STRESSORS 
Abstract 
Rice is an important food all over the world, especially in Asian countries. Xanthomonas 
oryzae pv. oryzae (the causal agent of bacterial leaf blight - BLB), Nilaparvata lugens Stål. (brown 
planthopper - BPH) and Meloidogyne graminicola (rice root-knot nematode - RRKN) damage rice 
plants leading to severe yield loss. Application of beneficial microbes has become a potential 
effective strategy to control pathogens and insects. Few studies have examined the effect of 
beneficial microbes on multiple biotic stressors. Here, we examined 15 beneficial bacterial 
strains, previously shown to affect different rice pathogenic fungi, as potential biocontrol agents 
against BPH, BLB, and RRKN. Our results showed that two of the tested bacterial strains reduced 
the lesion lengths of BLB about 30% and increased biomass of RRKN and BPH infested plants. 
Although, the bacterial strains did not adversely affect rice germination on tested varieties; some 
bacterial strains reduced seedling growth parameters. These results suggested that these 
bacterial strains have potential for controlling above- and below-ground biotic stresses 
simultaneously.  
Keywords: biocontrol, pathogen inhibition, rice tolerance, nematode management, 
phytotoxicity. 
Introduction 
Rice production routinely encounters pest and disease outbreaks that cause significant yield 
loss. Nilaparvata lugens Stål. (Brown planthopper - BPH), Xanthomonas oryzae pv. oryzae 
(bacterial leaf blight - BLB) and Meloidogyne graminicola (rice root-knot nematodes - RRKN) are 
among the most damaging pests and pathogens of rice (Heong and Hardy, 2009; Fred et al., 2016; 
and Mantelin et al., 2017). Currently, pesticide use is the most common practice for insect and 
disease management in rice production (Norton et al. 2010). However, the use of microbial 
agents has emerged as a potential tool to sustain rice productivity and reduce ecological and 
environmental impacts due to pesticide overuse (Mathivanan et al., 2005; Ahemad and Kibret, 
2014). Beneficial plant-associated microbes can have either direct effects in suppressing harmful 
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insects and pathogens, for instance by producing secondary metabolites toxic to a particular pest 
or pathogen, or indirect effects on harmful insects and pathogens by upregulating plant defense 
(Berendsen et al., 2012). Beneficial associations have been documented between plants and 
numerous bacterial genera (Bent, 2006; Verma et al., 2010).  
Various studies have shown that different beneficial microbes on rice plants antagonize 
diverse pathogens. However, very few studies have investigated the effects of beneficial 
microbes on multiple biotic stressors. In previous studies, Mew and Rosales (1986), Birun et al. 
(1992), Rosales and Mew (1997), Rosales et al. (1997) and Cottyn (2003) showed the beneficial 
effects of 15 bacterial strains on either the suppression of the rice pathogenic fungi (Fusarium 
moliniforme, Pylicularia oryzae, Rhizoctonia solani, and Sarocladium oryzae) or the promotion of 
plant growth. In this study, we explore the antagonistic ability of these beneficial bacterial strains 
against BPH, BLB and RRKN under greenhouse conditions.  
Materials and Methods 
Beneficial bacterial strains: 15 beneficial bacterial strains isolated from rice seeds, leaves and 
soils at the International Rice Research Institute and other locations in the Philippines were 
revived and cultured on tryptic soy agar (TSA) (Table 2.1). Xoo strain PXO99A, originated in the 
Philippines, was cultured on modified Wakimoto’s agar (Loehrer et al., 2016). 
Nematode culture: RRKN was isolated from infected Asian rice roots from Batangas, 
Philippines and grown on Oryza sativa var. indica UPLRi-5 in clay loam soil in the greenhouse. J2s 
were isolated by adding fragments of infected rice roots onto a Baermann funnel overnight and 
collecting on a 25-µm sieve (Barrière and Félix, 2006). 
Brown planthopper colony: BPH, originally collected from rice fields in central Luzon, 
Philippines, were reared under greenhouse conditions. 
Rice variety: Taichung Native 1 (TN1) and UPLRi-5 (Oryza sativa var. indica) were used in our 
experiments due to their susceptibility to BPH, BLB and RRKNs respectively (Tang et al., 2010; 
Cabasan et al., 2014; Hasan Naqvi et al., 2015). 
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The effects of beneficial bacterial strains on rice seed germination and seedling growth 
parameters 
Beneficial bacterial strains were grown on TSA for 48 hours and then suspended in 50mL of 
sterilized distilled water. One hundred seeds (“TN1” and “UPLRi-5”) were soaked in each 
beneficial bacterial suspension for one hour. Control seeds were soaked in sterilized distilled H2O. 
Seeds were transferred to sealed plastic boxes (0.5 L) containing autoclaved paper towels 
moistened with sterile H2O. The boxes were incubated in the dark for three days and an 
additional seven days on a 10 : 14 hour (light : dark) cycle at 25 ± 3 °C (Wang et al., 2010). The 
germination rate was assessed and the root and shoot lengths of 30 seedlings per treatment were 
measured ten days after inoculation to evaluate the effects of beneficial bacterial strains on 
growth parameters. The longest root in the root system was measured as the root length. The 
experiment was repeated once.  
The in vivo effects of beneficial bacterial strains on rice pest and pathogens  
Seed germination: Rice seeds were surface sterilized in 70% ethanol for one minute, washed 
three times in sterile distilled H2O, soaked in 5.25% sodium hypochlorite for 20 minutes and 
washed three times with sterile distilled H2O (Daud et al., 2012). Seeds were then soaked in sterile 
distilled H2O for 24 hours and wrapped in a moist autoclaved paper towel and kept in the dark 
for 24 hours. Germinated seeds were transferred to a plastic box (27 x 34 cm) containing 
pasteurized clay loam soil and placed in the greenhouse for seven days and then transferred to 
experimental containers for exposure to biotic stressors. Seven days after germination, rice 
seedlings were removed from the plastic box and the roots were washed gently with tap water. 
Roots were then soaked in 50 mL suspensions of beneficial bacterial strains for 30 minutes, 
prepared as described, before being transplanted to new containers with pasteurized clay loam 
soil. For the BPH and BLB experiments, suspensions of beneficial bacterial strains were sprayed 
on leaves to the point of runoff three and ten days after transplanting. For the RRKN experiments, 
1mL of the beneficial bacterial suspension was added to the soil adjacent to the root zone three 
and ten days after transplanting.  
25 
 
Biotic stressors were introduced 12 days after transplanting. For BLB, a 108 – 109 CFU/mL 
suspension of Xoo was applied to two rice leaves/plant randomly using the scissor method 
(Djedatin et al., 2016) and lesion lengths were measured eight days after inoculation (DAI). RRKN 
experiments were conducted based on previous experiments (Shrestha et al 2007). 400 RRKN J2s 
were introduced to the root zone (Shrestha et al., 2007; Dimkpa et al., 2016). The number of galls 
per root system were recorded following staining with acid fuchsin (Bellafiore et al., 2015) at 10 
DAI. A subsample of five galls were dissected to estimate the number of nematodes that 
successfully infected the rice roots (Shrestha et al. 2007). For the BPH experiment, all rice plants 
were confined in Mylar cylinder cages. BPH first-stage nymphs were released to rice plants with 
ten insects per pot (Sangha et al., 2008; Tamura et al., 2014). To calculate weight gain, the fresh 
weight of 100 first-stage nymphs was determined prior to inoculation to estimate the per nymph 
weight. Following the completion of the experiment, each adult insect was weighed and the 
weight gain per nymph was estimated by subtracting from this value. We counted the number of 
BPH survivors for each pot and measured the BPH fresh and dry biomass (oven-dried at 60°C for 
72 hours) at 14 DAI. Plant height and plant above and below-ground dry biomass (oven-dried at 
60°C for 72 hours) were recorded for all treatments at the end of each experiment. 
Each biotic stressor was evaluated separately. Each experiment also included a treatment 
where no biotic stress was added to the plant. Each experiment comprised 16 treatments (15 
bacterial strains + control). The experiments with BPH and RRKN were conducted twice, and the 
experiment with BLB was done three times. The experiments were laid out as randomized 
completely block design (RCBD) in a greenhouse. There were two seedlings per pot for the BPH 
experiment (five replicates/treatment), one seedling per pot for the RRKN experiment (6 
replicates/treatment) and six seedlings per rectangular plastic boxes for the BLB experiment (one 
box/treatment). Fertilizer (Sodium sulfate – Na2SO4) was applied at a rate of 1g/500g soil two 
days before transplanting and every seven days before introducing BPH, BLB, and RRKNs to rice 
plants.  Temperature and relatively humidity levels for each experiment are provided (Table 2.2). 
Statistical analysis  
Germination rate was analyzed by survival analysis (PROC LIFETEST), and Dunnett’s test was 
used to compare treatment means with the control treatment (Onofri et al., 2010; McNair et al., 
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2012). For seedling growth parameters, PROC GLM for RCBD was conducted with the trial as block 
effect and P-value ≤ 0.05 was used as the determination of significance level. Dunnett’s test to 
compare treatment means with the control means was applied in all comparisons with 
Friedman's Two-way Nonparametric ANOVA.  
In the BLB experiments, PROC GLM for RCBD was conducted with the trial as the block effect. 
P-value ≤ 0.05 was used as the determination of significant level. Also, PROC GLM for RCBD was 
used to analyze RRKN data sets. The number of galls per root system in the first trial and 
successfully infected J2s per root system in both trials were log2(X) transformed to conform with 
the assumption of normality. Data analyses for the BPH experiment were run as an RCBD using 
PROC GLM. Root dry weights of the first and the second trial were transformed by sqrt(X) and 
log2(X) respectively to meet the assumption of normality. BPH survivorship data was analyzed 
using Friedman's Two-way Nonparametric ANOVA. All data analyses were done with SAS 
University Edition (SAS Institute Inc., Cary, NC).  
Results and Discussion 
Beneficial bacterial strains did not affect rice germination; however, some bacterial strains 
reduced seedling growth parameters 
The effect of bacterial strains on seed germination and growth promotion are criteria to 
select a beneficial bacterium (Gholamalizadeh et al., 2017). The germination rates of rice seeds 
of both variety TN1 and UPLRi-5 were not affected by any of the 15 beneficial bacterial strains 
compared to the control (Table 2.3). The tested bacterial strains had mixed effects on growth 
parameters of rice depending on the particular rice variety (Table 2.3). TN1 root and/or shoot 
lengths were reduced by In-b-150, In-b-590, BPJ-592, In-b-715, In-b-6854, In-b-714 compared to 
the untreated control. BPJ-75 and In-b-24 promoted root length compared with the untreated 
control. The dry weight of rice seedlings treated with In-b-150, In-b-590, In-b-918, G-266, In-b-
591, In-b-715, In-b-6854, and In-b-714 was greater than the untreated control plants.  
In UPLRi-5, root lengths were reduced in rice treated with In-b-150, In-b-590, In-b-918, BPJ-
148, In-b-6854, In-b-714 and BPJ-75 compared with the untreated control (Table 2.3). Shoot 
lengths of rice seedlings were decreased in treatments with In-b-590 and In-b-714 but increased 
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in treatment with In-b-24 compared with the untreated control. The dry weight of rice seedlings 
treated with In-b-150, In-b-590, In-b-6854 and In-b-714 was heavier than the untreated control 
plants. It is worth noting that seedling growth parameters of both varieties were reduced by In-
b-590 and In-b-714 in this study but had heavier dry weight than the untreated control plants. 
The mechanism of inducing rice germination by beneficial microbes is not clearly known yet. 
Beneficial microbes can produce phytohormones, solubilize soil phosphorus and increase 
nutrient uptake to enhance plant germination and growth (Ashrafuzzaman et al., 2009). 
Hypothetically, these beneficial bacteria may produce indole-3 acetic acid increasing cell 
elongation, cell wall synthesis and water permeation to boost the rice germination and seedling 
growths (Gholamalizadeh et al., 2017). This hypothesis needs to be tested in future studies. 
Two beneficial bacterial strains reduced Xanthomonas oryzae pv. oryzae infection on rice 
leaves 
Due to the experimental design, each trial was considered as a block effect that was 
statistically different in the BLB experiment. Both In-b-17 and In-b-590 significantly reduced the 
lesion lengths caused by Xoo on rice leaves by approximately 30% compared to the control 
treatment (Fig. 2.1). The control treatment was ranked as moderately susceptible to Xoo (i.e., 
lesion length ranged between 10 to 15 cm, Djedatin et al., 2016) (Fig. 2.1). The lesion lengths 
caused by Xoo on rice leaves treated with In-b-17 and In-b-590 were reduced to c.a < 10 cm. Also, 
I did not observe any differences in plant height, plant above-ground biomass or below-ground 
biomass in this experiment (data not shown). My results are similar to previous work 
demonstrating that Pseudomonas aeruginosa BRp3 reduced disease leaf area of BLB by 
approximately 30% (Yasmin et al. 2017). Similarly, Udayashankar et al. (2011) showed that seven 
Bacillus spp. strains induced a broad range of effects on rice plants against bacterial leaf blight 
disease in greenhouse conditions. One explanation is that beneficial bacterial strains produce 
antibacterial compounds that either directly antagonize Xoo or induce rice resistance to Xoo (Wu 





Beneficial bacterial strains were inconsistent in controlling rice root-knot nematode 
In the first trial of the RRKN experiment, the number of galls and nematodes per root system 
was not statistically different among treatments (Fig. 2.2A and 2.3A). However, in trial 2, we 
found a significant decrease in number of galls per root system following application of In-b-150, 
In-b-918, G-229, In-b-6854, In-b-714, BPJ-75 and In-b-24 compared to the control (Fig. 2.2B). 
Similarly, we found a reduction in the number of nematodes per root system following 
application of In-b-150, In-b-918, BPJ-75 and In-b-24 (Fig. 2.3B). This result was similar to the 
study of Padgham and Sikora (2007) in which gall formation and nematode migration in 
rhizosphere were reduced by 40% and 60% respectively by Bacillus megaterium. Also, Pankaj et 
al. (2010) found that certain bacterial isolates caused a 50 – 90% reduction in J2 penetration. 
Khan et al. (2008) hypothesized that the reduction of nematode infection might be due to the 
direct effect of bacterial metabolites or the induction of host defense in the root. Therefore, I 
speculate that beneficial bacterial strains produce nematicidal compounds that kill RRKN J2s 
and/or induce resistance against RRKN. 
In addition,  I observed that In-b-590 promoted plant stalk dry weight in the first trial (Fig. 
2.4A) and BPJ-148 boosted plant height in the second trial under RRKNs infection (Fig. 2.4B). Also, 
BPJ-4169 and BPJ-75 increased plant above- and below-ground dry biomass without RRKNs in the 
second trial (Fig. 2.5). 
Beneficial bacterial strains did not adversely affect brown planthopper but some bacterial 
strains induced rice tolerance to brown planthopper attack  
Across the trials, the 15 beneficial bacterial strains did not have negative effects on BPH 
survival, BPH fresh and dry weight or BPH fresh weight gain (Table 2.4). Also, beneficial microbes 
did not affect plant growth parameters following BPH infestation in trial one (Table 2.5). 
However, In-b-17, In-b-590 and G-266 significantly increased plant height and plant above-
ground (G-266) and below-ground biomass (In-b-590) in the second trial (Table 2.5). In the case 
of no BPH infection, G266, BPJ-592 and In-b-715 had plant growth promoting effects on plant 
height and above- and below-ground biomass in the first trial (Table 2.6). The application of 
beneficial bacterial strains to induce rice defense against insect pests has produced mixed results 
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(Nadarajah et al., 2017). Pseudomonas fluorescens and Pseudomonas putida produced aconitate 
isomerase that acts as an antifeedant against rice BPH, but whether it is produced in sufficient 
amount to significantly deter feeding is not clear (Watanabe et al., 1997).  
Interestingly, I found in one of the trials that In-b-17, In-b-590 and G-266 promoted plant 
growth under BPH infection. Therefore, In-b-17, In-b-590 and G-266 may induce rice tolerance, 
instead of resistance, against BPH. Harun-Or-Rashid et al. (2018) suggested that Bacillus 
velezensis YC7010 produces a novel bacillopeptin X that induce rice resistance to BPH by 
increasing flavonoids, tricin and cellulose and lignin contents. I hypothesize that In-b-17, In-b-
590, and G-266 might produce secondary metabolites that induce the rice tolerance or resistance 
to BPH. However, this hypothesis needs to be investigated in future studies. 
The inconsistent effects of beneficial bacterial strains in my experiments may be due to 
environmental factors (temperature, humidity, soil pH) that affected their colonization, 
proliferation, and exertion of their effects on rice plants (Gouda et al., 2018). The bacteria 
density, their interaction with other soil microbes and their ability to colonize on rice roots 
possibly affected results of my experiments (Gupta et al., 2015). 
Conclusion 
Our findings suggest that some beneficial bacterial strains have the potential to control both 
BLB and RRKNs (Table 2.7). We identified three bacterial strains (In-b-17, In-b-590 and G-266) 
with plant growth promoting effects with or without biotic stressors and antagonistic effects 
against BLB and RRKNs in planta. In the future, we will examine the potential molecular 
mechanisms of the effects observed in this study.   
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Tables and Figures 
 
Table 2.1. Beneficial bacterial strains used in this study 
Isolate 
code 




Plant Responses Reference 
BPJ 148 Bacillus subtilis Rice Seed R. solani, P. grisea 
 
Cottyn, 2003 
BPJ 592 Bacillus subtilis Rice Seed R. solani, P. grisea 
 
Cottyn, 2003 
G 229 Bacilus 
amyloliquefaciens 
Rice Seed R. solani 
 
Cottyn, 2003 
In-b-17 Unidentified Soil R. solani Increase in plant 
height, tiller 
number, and grain 
yield 
Mew & Rosales, 
1986 




Rosales et al., 1997 
BPJ 4169 Paenibacillus macerans Rice Seed P. grisea 
 
Cottyn, 2003 
In-b-590 Unidentified Soil R. solani Increase in plant 
height, tiller 
number, and grain 
yield 
Mew & Rosales, 
1986 
In-b-150 Pseudomonas sp. Soil R. solani Increase in plant 
height, tiller 
number, and grain 
yield 
Mew & Rosales, 
1986 
In-b-918 Pseudomonas sp. 
  




growth and increase 
the seedling dry 
weight 
Birun et al., 1992 
In-b-24 Pseudomonas sp. Soil R. solani Increase in plant 
height, tiller 
number, and grain 
yield 
Mew & Rosales, 
1986 
BPJ 75 Pseudomonas stutzeri Rice Seed P. grisea 
 
Cottyn, 2003 
G 266 Xanthomonas sp. Rice Seed R. solani 
 
Cottyn, 2003 
In-b-591 Unidentified Soil 
 
Increase in plant 
height, tiller 
number, and grain 
yield 
Mew & Rosales,1986 
In-b-715 Unidentified Rice Plants F. moniliforme 
 
Rosales & Mew, 
1997 
In-b-714 Unidentified Rice Plants F. moniliforme 
 



















Table 2.2. Greenhouse conditions  
Biotic stressor Trial Temperature (°C) RH (%) 
Bacterial leaf blight 1 27±3 76±12 
2 33±5 69±20 
3 29±5 84±16 
Brown planthopper 1 25±3 79±12 
2 35±4 52±12 
Rice root-knot nematode 1 27±3 76±12 




















Root length (mm) Shoot length (mm) Dry weight (mg) 
TN1 UPLRi-5 TN1 UPLRi-5 TN1 UPLRi-5 TN1 UPLRi-5 
Control 94 ± 3 96 ± 2 41 ± 1.34 47 ± 1.68 33 ± 1.43 35 ± 1.99 17.92 ± .36 18.52 ± 0.35 
BPJ-148 93 ± 3 96 ± 4 46 ± 1.80 30 ± 1.54 
*** 
38 ± 2.01 36 ± 1.42 18.29 ± 0.34 19.14 ± 0.31 
BPJ-592 93 ± 8 98 ± 1 34 ± 2.27 
*** 
47 ± 2.47 32 ± 1.31 38 ± 1.93 18.52 ± 0.35 18.42 ± 0.51 
G-299 95 ± 3 96 ± 4 42 ± 1.73 46 ± 1.50 36 ± 1.44 35 ± 1.33 18.34 ± 0.43 18.37 ± 0.46 
In-b-17 95 ± 3 97 ± 2 39 ± 1.22 43 ± 1.33 36 ± 1.39 34 ± 1.60 18.6 ± 0.32 19.07 ± 0.40 
In-b-6854 93 ± 3 96 ± 1 27 ± 1.92 
*** 
31 ± 1.77 
*** 
33 ± 1.04 32 ± 1.13 20.02 ± 0.42 
*** 
19.87 ± 0.35 
*** 
BPJ-4169 91 ± 5 98 ± 1 43 ± 1.89 52 ± 2.38 36 ± 1.56 37 ± 2.18 18.1 ± 0.40 18.22 ± 0.42 
In-b-590 91 ± 1 96 ± 4 26 ± 1.81 
*** 
23 ± 1.72 
*** 
25 ± 1.29 
*** 
28 ± 1.27 
*** 
20.55 ± 0.27 
*** 
20.28 ± 0.28 
*** 
In-b-150 93 ± 8 98  ± 3 36 ± 1.64 22 ± 1.43 
*** 
28 ± 1.46 
*** 
32 ± 1.37 22.9 ± 2.70 
*** 
20.22 ± 0.34 
*** 
In-b-918 93 ± 3 95 ± 3 40 ± 1.66 41 ± 2.23 
*** 
34 ± 1.19 38 ± 1.79 19.21 ± 0.36 
*** 
18.28 ± 0.41 
BPJ-75 93 ± 5 95 ± 4 49 ± 1.99 
*** 
37 ± 1.49 
*** 
32 ± 1.99 38 ± 1.74 18.99 ± 0.35 17.91 ± 0.33 
In-b-24 94 ± 3 99 ± 2 48 ± 1.91 
*** 
47 ± 1.64 36 ± 1.59 39 ± 1.73 
*** 
18.17 ± 0.40 17.85 ± 0.36 
G-266 97 ± 3 97 ± 3 41 ± 1.36 42 ± 1.50 34 ± 1.63 36 ± 1.29 19.46 ± 0.33 
*** 
19.09 ± 0.39 
In-b-591 92 ± 3 96 ± 1 42 ± 1.28 42 ± 1.70 29 ± 1.53 29 ±  1.51 19.43 ± 0.35 
*** 
19.37 ± 0.37 
In-b-715 92 ± 4 98 ± 2 38 ± 1.61 42 ± 1.75 28 ± 1.39 
*** 
32 ± 1.35 19.93 ± 0.38 
*** 
19.37 ± 0.33 
In-b-714 91 ± 6 94 ± 4 25 ± 1.50 
*** 
26 ± 1.68 
*** 
22 ± 1.30 
*** 
28 ± 1.03 
*** 
20.93 ± 0.39 
*** 
20.11 ± 0.41 
*** 
N Value in each cell was mean ± SEM. Means in each column with different symbols are significantly different by Dunnett’s test 








Table 2. 4. Effects of 15 beneficial bacterial strains on brown planthopper (BPH) 
Treatment BPH survival1 
(insects) 
BPH fresh weight (mg) Fresh weight gain/BPH 
(mg) 
BPH dry weight (mg) 
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
Control 8 ± 1.05N 5 ± 1.73 12.04 ± 1.71 11.98 ± 4.82 1.45 ± 0.04 2.14 ± 0.39 3.99 ± 0.57 4.65 ± 1.94 
BPJ 148 8 ± 0.68 4 ± 1.20 11.92 ± 0.67 11.24 ± 2.62 1.39 ± 0.05 2.83 ± 0.47 4.0 ± 0.29 4.3 ± 0.98 
BPJ 592 9 ± 0.55 4 ± 0.58 12.93 ± 1.13 11.05 ± 2.61 1.39 ± 0.09 3.30 ± 0.54 4.93 ± 0.47 4.05 ± 0.98 
G 229 9 ± 0.55 6 ± 1.02 13.3 ± 2.78 14.56 ± 3.42 1.44 ± 0.03 2.23 ± 0.49 4.44 ± 0.99 5.52 ± 1.36 
In-b-17 8 ± 1.79 4 ± 1.25 12.53 ± 2.8 9.52 ± 3.60 1.54 ± 0.05 2.54 ± 0.47 4.41 ± 0.99 3.64 ± 1.42 
In-b-6854 9 ± 0.25 4 ± 0.99 13.38 ± 0.99 10.08 ± 3.62 1.39 ± 0.07 3.08 ± 0.39 5.02 ± 0.41 3.55 ± 1.46 
BPJ 4169 8 ± 0.99 7 ± 0.86 12.38 ± 1.16 19.06 ± 2.62 1.49 ± 0.09 2.57 ± 0.46 4.41 ± 0.47 7.18 ± 1.01 
In-b-590 9 ± 0.49 4 ± 1.10 16.33 ± 1.11 13.2 ± 3.59 1.74 ± 0.07 3.44 ± 0.27 5.85 ± 0.42 4.98 ± 1.42 
In-b-150 9 ± 0.49 5 ± 1.08 14.20 ± 0.84 12.42 ± 3.10 1.58 ± 0.05 2.30 ± 0.60 4.90 ± 0.28 4.74 ± 1.10 
In-b-918 8 ± 0.71 6 ± 1.48 12.59 ± 2.51 15.55 ± 3.21 1.50 ± 0.03 2.62 ± 0.48 4.19 ± 0.86 5.55 ± 1.24 
In-b-24 9 ± 0.32 4 ± 0.77 12.18 ± 1.78 11.2 ± 4.62 1.32 ± 0.12 2.69 ± 0.31 4.98 ± 0.66 4.38 ± 1.83 
BPJ 75 9 ± 0.86 4 ± 1.32 12.17 ± 2.02 9.78 ± 5.17 1.34 ± 0.11 2.07 ± 0.37 4.74 ± 0.76 3.48 ± 1.99 
G 266 8 ± 0.8 4 ± 1.08 11.80 ± 2.80 12.2 ± 3.6 1.48 ± 0.05 3.25 ± 0.47 4.12 ± 0.99 4.52 ± 1.42 
In-b-591 10 ± 0.37 2 ± 0.63 13.55 ± 1.18 2.90 ± 2.10 1.33 ± 0.09 1.39 ± 0.35 4.98 ± 0.47 0.95 ± 0.75 
In-b-715 8 ± 0.58 4 ± 1.25 12.19 ± 1.11 13.98 ± 3.59 1.46 ± 0.07 3.01 ± 0.27 4.56 ± 0.42 5.26 ± 1.42 
In-b-714 8 ± 0.56 2 ± 0.63 11.53 ± 1.28 5.25 ± 3.44 1.45 ± 0.07 2.29 ± 0.37 4.18 ± 0.48 2.05 ± 1.41 
N Value in each cell was mean ± SEM. Means in each column are not significantly different by Dunnett’s test (P > 0.05). 






Table 2.5. Effects of 15 beneficial bacterial strains on plant height and biomass under brown planthopper 
infection 
Treatment 
Plant height (cm) Stalk dry weight (g) Root dry weight (g) 
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
Control 59.78 ± 1.74N 47.46 ± 8.58 0.26 ± 0.044 0.25 ± 0.100 0.03 ± 0.004 0.03 ± 0.011 
BPJ 148 54.41 ± 4.54 55.64 ± 5.89 0.29 ± 0.065 0.29 ± 0.083 0.04 ± 0.008 0.03 ± 0.014 
BPJ 592 61.48 ± 4.66 55.45 ± 7.03 0.28 ± 0.061 0.27 ± 0.112 0.03 ± 0.008 0.03 ± 0.016 
G 229 60.11 ± 2.36 59.00 ± 5.80 0.28 ± 0.052 0.3 ± 0.072 0.03 ± 0.009 0.04± 0.007 
In-b-17 55.39 ± 3.5 61.72 ± 5.98 * 0.25 ± 0.058 0.35 ± 0.068 0.04 ± 0.009 0.04 ± 0.007 
In-b-6854 57.74 ± 5.25 47.84 ± 8.30 0.27 ± 0.083 0.26 ± 0.115 0.03 ± 0.006 0.03 ± 0.014 
BPJ 4169 57.30 ± 4.15 43.30 ± 7.11 0.29 ± 0.055 0.18 ± 0.108 0.03 ± 0.005 0.02 ± 0.015 
In-b-590 51.48 ± 5.09 63.06 ± 8.52 * 0.23 ± 0.067 0.41 ± 0.126 0.03 ± 0.005 0.06 ± 0.017 ** 
In-b-150 55.84 ± 3.39 52.26 ± 5.47 0.26 ± 0.048 0.25 ± 0.091 0.03 ± 0.004 0.03 ± 0.009 
In-b-918 60.48 ± 3.80 56.98 ± 6.40 0.34 ± 0.057 0.29 ± 0.085 0.03 ± 0.010 0.04 ± 0.009 
In-b-24 54.47 ± 4.49 47.71 ± 4.96 0.28 ± 0.077 0.27 ± 0.072 0.03 ± 0.006 0.03 ± 0.011 
BPJ 75 59.09 ± 5.41 38.94 ± 4.71 0.43 ± 0.088 0.25 ± 0.078 0.04 ± 0.006 0.04 ± 0.012 
G 266 48.86 ± 3.50 60.95 ± 5.98 * 0.27 ± 0.058 0.51 ± 0.068 ** 0.03 ± 0.009 0.05 ± 0.007 
In-b-591 54.23 ± 4.91 50.7 0± 8.46 0.25 ± 0.065 0.21 ± 0.127 0.02 ± 0.005 0.03 ± 0.018 
In-b-715 53.54 ± 5.09 47.11 ± 8.52 0.27 ± 0.067 0.27 ± 0.126 0.03 ± 0.005 0.04 ± 0.017 
In-b-714 61.05 ± 5.42 40.36 ± 6.15 0.34 ± 0.088 0.14 ± 0.080 0.03 ± 0.006 0.02 ± 0.012 
N Value in each cell was mean ± SEM. Means in each column with different symbols are significantly different by 










Table 2.6. Effects of 15 beneficial bacterial strains on plant height and biomass without brown planthopper 
infection 
Treatment Plant height (cm) Stalk dry weight (g) Root dry weight (g) 
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
Control 43.90 ± 4.42N 57.96 ± 4.44 0.15 ± 0.044 0.39 ± 0.199 0.02 ± 0.003 0.05 ± 0.023 
BPJ 148 52.73 ± 3.27 51.56 ± 2.35 0.22 ± 0.026 0.29 ± 0.086 0.02 ± 0.003 0.04 ± 0.012 
BPJ 592 58.61 ± 3.36 * 65.29 ± 3.18 0.22 ± 0.026 0.43 ± 0.089 0.03 ± 0.003 0.06 ± 0.011 
G 230 50.69 ± 2.92 65.27 ± 6.62 0.20 ± 0.018 0.54 ± 0.144 0.03 ± 0.003 0.09 ± 0.023 
In-b-17 50.12 ± 3.68 68.32 ± 4.74 0.18 ± 0.026 0.38 ± 0.134 0.02 ± 0.003 0.05 ± 0.021 
In-b-6854 51.73 ± 3.20 56.40 ± 6.38 0.16 ± 0.032 0.37 ± 0.132 0.02 ± 0.004 0.04 ± 0.025 
BPJ 4170 50.71 ± 3.28 58.18 ± 3.53 0.15 ± 0.027 0.34 ± 0.089 0.02 ± 0.003 0.05 ± 0.012 
In-b-590 53.73 ± 3.27 64.45 ± 6.11 0.19 ± 0.027 0.36 ± 0.094 0.02 ± 0.004 0.05 ± 0.012 
In-b-150 55.84 ± 1.33 64.47 ± 5.01 0.18 ± 0.021 0.31 ± 0.087 0.02 ± 0.004 0.04 ± 0.008 
In-b-918 47.10± 2.89 60.04 ± 6.37 0.20 ± 0.021 0.34 ± 0.138 0.02 ± 0.004 0.05 ± 0.022 
In-b-24 48.69 ± 4.72 54.18 ± 5.93 0.19 ± 0.06 0.34 ± 0.136 0.03 ± 0.005 0.04 ± 0.026 
BPJ 76 55.45 ± 4.52 43.11 ± 5.90 0.24 ± 0.058 0.32 ± 0.134 0.03 ± 0.005 0.05 ± 0.026 
G 267 58.60 ± 3.68 * 63.36 ± 4.74 0.22 ± 0.026 0.42 ± 0.134 0.02 ± 0.003 0.05 ± 0.021 
In-b-591 51.11 ± 4.1 57.59 ± 2.88 0.20 ± 0.032 0.32 ± 0.081 0.02 ± 0.004 0.05 ± 0.011 
In-b-715 64.33 ± 3.27 *** 56.70 ± 6.11 0.38 ± 0.027 *** 0.22 ± 0.094 0.04 ± 0.004 
*** 
0.04 ± 0.012 
In-b-714 53.70 ± 3.34 48.76 ± 6.15 0.23 ± 0.043 0.35 ± 0.131 0.03 ± 0.004 0.04 ± 0.026 
N Value in each cell was mean ± SEM. Means in each column with different symbols are significantly different  by Dunnett’s 
























Table 2.7. The summary of effects of 15 beneficial bacterial strains on plant and/or 
tested biotic stresses. 
Potential effects on plant or tested 
biotic stressors 
Isolate 
Plant growth promoting effect G 266, BPJ 592,BPJ 4169, In-b-715, BPJ 75 
Antagonists In-b-150, In-b-17, In-b-590, In-b-918, G 229, 
In-b-6854, In-b-714, BPJ 75, In-b-24 





















Figure 2.1. The mean length of lesions caused by Xanthomonas oryzae pv. oryzae on  
the rice leaves treated with different bacterial strains in three trials. Error bars,  
SEM. Different symbols above bars indicate significant differences based on Dunnett’s  



































Figure 2.2. The galls/root system on rice roots treated with beneficial bacterial strains 
in trial 1 (A) and trial 2 (B). Error bars, SEM. Different symbols above bars indicate 































Figure 2.3. Nematodes/root system on rice roots treated with beneficial bacterial 
strains in trial 1 (A) and trial 2 (B). Error bars, SEM. Different symbols above bars 














Figure 2.4. In-b-50 and BPJ-148 promoted plant growth parameters under rice root-
knot nematode infection in trial 1 (A) and trial 2 (B) respectively. Error bars, SEM. 
Different symbols above bars indicate significant differences based on Dunnett’s test 









































































Figure 2.5. BPJ-4169 and BPJ-75 promoted stalk dry weight (A) and root dry weight (B) 
without rice root-knot nematode infection in the second trial. Error bars, SEM. 
Different symbols above bars indicate significant differences based on Dunnett’s test 
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BENEFICIAL BACTERIAL VOLATILE COMPOUNDS FOR THE CONTROL OF ROOT-KNOT 
NEMATODE AND BACTERIAL LEAF BLIGHT ON RICE 
(Submitted to Crop Protection) 
 
Abstract 
Microbial volatiles can promote plant growth and suppress pathogens, nematodes and 
insects. Our knowledge of the effects of microbial volatiles on monocots such as rice and its 
pathogens and pests is still incompleted. As part of a screen for beneficial bacterial species, we 
identified three strains (Bacillus sp., Paenibacillus sp. and Xanthomonas sp.) lethal to the rice 
root-knot nematode (RRKN) Meloidogyne graminicola. Using both in vitro and in planta dual-
chamber pot experiments, we demonstrate that volatiles from the beneficial bacteria were lethal 
to RRKN J2s and significantly reduced infection of susceptible rice. We conducted similar in vitro 
and in planta experiments against rice bacterial leaf blight Xanthomonas oryzae pv. oryzae. 
Exposure to bacterial volatiles inhibited the growth of X. oryzae pv. oryzae by 50-60% in vitro, but 
did not impact infection in planta. Finally, we found that bacterial volatiles from Bacillus sp. and 
Xanthomonas sp. inhibited rice germination and seedling development in vitro but did not affect 
plant growth in planta. These findings suggest that volatiles from beneficial bacteria have the 
potential to control RRKNs, but that high volatile concentrations may inhibit plant growth.  
Keywords:  biological control, nematode management, pathogen inhibition, rice 
germination, volatile toxicity. 
Introduction 
Microbial volatile compounds can promote plant growth and suppress pathogens, 
nematodes and insects (Ryu et al., 2003; Gu et al., 2007; Popova et al., 2014; Park et al., 2015; 
De Vrieze et al., 2015; Xu et al., 2015; Cheng et al., 2017; Tahir et al., 2017a, 2017b; Xie et al., 
2018). For example, microbial volatiles reduced infection of tomato by root-knot nematodes (Xu 
et al., 2015; Liarzi et al., 2016; Cheng et al., 2017; Terra et al., 2017; Terra et al., 2018). Little is 
known about the effect of microbial volatile compounds on pathogens and pests of rice. 
Microbial volatiles have been shown to suppress the pathogen that causes bacterial leaf blight 
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Xanthomonas oryzae pv. oryzae (Xoo) (Xie et al., 2018). However, the effect of volatiles on other 
pathogen groups affecting rice is unexplored. Similarly, the potential phytotoxic effects of 
bacterial volatiles on rice are still unclear.  
The rice root-knot nematode (RRKN), Meloidogyne graminicola, is the most damaging 
parasitic nematode of rice (Patil et al., 2013, Upadhyay et al., 2014). RRKN can cause yield loss of 
up to 80% in severely infested fields (Dutta et al., 2012; Khan et al., 2012; Upadhyay et al., 2014). 
Nematicides are an effective way to manage RRKN, but adversely affect the environment and 
human health (Khan et al., 2012; Galeng-Lawilao et al., 2018). Numerous studies have used 
beneficial microbes to inhibit RRKN (Padgham and Sikora, 2007; Pankaj et al., 2010; Seenivasan 
et al., 2012), but the mechanism of action is often unknown. Similarly, bacterial leaf blight is one 
of the most important diseases of rice and can cause 50 - 60% yield loss in high-yielding varieties; 
chemical control strategies are not effective (Yasmin et al. 2017; Xie et al. 2018). The use of 
beneficial microbes is a potentially effective strategy to control Xoo (El-shakh et al., 2015).  
Three bacterial strains isolated from the International Rice Research Institute experimental 
plots, and previously shown to inhibit the growth and survival of Rhizoctonia solani, were tested 
for their effect on RRKN and Xoo (Mew and Rosales, 1986; Cottyn, 2003). We found that these 
bacterial strains were toxic to RRKN and may act through the release of volatiles. We explored 
the ability of bacterial volatiles to also control Xoo and their potential phytotoxicity to rice.  
Materials and Methods 
Cultures: In-b-17 and In-b-590 were isolated from soil at the International Rice Research 
Institute’s experimental plots. Xanthomonas sp. was isolated from rice seed collected in Iloilo, 
Philippines (Mew and Rosales, 1986, Cottyn, 2003) and cultured on tryptic soy agar (TSA). Xoo 
strain PXO99A originated in the Philippines, was cultured on modified Wakimoto’s agar (Loehrer 
et al., 2016). RRKN was isolated from infected rice roots from Batangas, Philippines and grown 
on Oryza sativa var. indica UPLRi-5 in clay loam soil in the greenhouse. J2s were isolated by adding 
fragments of infected rice roots onto a Baermann funnel overnight and collecting on a 25-µm 
sieve (Barrière and Félix, 2006). 
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Molecular identification of bacterial strains: Genomic DNA from In-b-17 and In-b-590 was 
extracted using the Easy-DNA kit. The 16S rDNA was amplified by universal primers (799F and 
1391R) (Beckers et al., 2016). Amplified PCR products were cleaned by QIAquick Gel Extraction 
Kit (QIAGEN Sciences, Maryland 20874, USA) (Yasmin et al., 2017) and sequenced (Macrogen, 
South Korea). BLASTn from the National Center for Biotechnology Information (NCBI) website 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for sequence similarity (Altschul et 
al., 1990). ClustalW with default settings in MEGA 7 was used to align sequences (Kumar et al., 
2016). The phylogenetic tree was constructed by MEGA 7 based on the maximum likelihood 
method with 1000 bootstrap replicates (Kumar et al., 2016; Kotta-Loizou and Coutts, 2017). A 
previously identified strain of Bacillus amyloliquefaciens (G 229) (Cottyn, 2003) was used to check 
the sequencing quality. 
Antagonistic effect of beneficial bacterial strains on RRKNs in vitro: Bacterial strains were 
grown on TSA for 48 hours at 28°C to obtain a thick bacterial lawn and then suspended in 50 mL 
of sterile distilled water. 100 – 120 RRKN J2s in 0.5 mL water were mixed with 0.5 mL of bacterial 
suspension and kept in the dark at 25 ± 3°C for three days (Cheng et al, 2017). J2 mortality was 
observed and computed based on the Schneider-Orelli formula which corrects for death in the 
control treatment (Cheng et al., 2017). J2s were considered alive if they moved spontaneously or 
after physical stimulation. The experiment was conducted twice as a randomized complete block 
design (RCBD) with 10 replicates per treatment. 
The in vitro effect of volatile compounds on J2 RRKNs: Each bacterial strain was grown on TSA 
at 28°C for 48 hours before the experiment. The resulting bacterial lawn and 50-60 RRKN J2s in 
0.5 mL H2O were placed inside a sealed 0.5 L plastic box (Fig. 3.1A). TSA plates without bacteria 
were used as a control treatment. After three days of exposure to volatiles at 25 ± 3°C, J2 
mortality was observed and computed based on the Schneider-Orelli formula (Cheng et al., 
2017). The experiment was conducted twice as an RCBD with 8 and 10 replicates per treatment 
in the first and second trial, respectively. To determine if the effect was due to CO2 accumulation 
in the sealed box, the experiment was also performed as described above with 7 mL of 0.1 M 
barium hydroxide (Ba(OH)2) within the plastic box to absorb CO2 (Kai and Piechulla, 2009). This 
experiment was conducted once as an RCBD with 10 replicates per treatment and 100-120 RRKN 
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J2s in each replicate. The resulting BaCO3 precipitate was collected on filter paper, dried for 24 
hours at 60°C and weighed. The amount of absorbed CO2 was calculated by the formula: Ba(OH)2 
+ CO2 = BaCO3 + H2O (mCO2 = mBaCO3 x CO2 molar mass/Ba(OH)2 molar mass). J2 mortality was 
calculated as described above.  
The infectivity of RRKN J2s after exposure to volatile compounds was tested on RRKN-
susceptible Oryza sativa variety UPLRi-5 (Cabasan et al., 2014). Seeds were surface sterilized in 
70% ethanol for one minute, 5.25% sodium hypochlorite for 20 minutes, and washed three times 
with sterilized distilled water (Daud et al., 2012). Seeds were soaked in sterilized distilled water 
for 24 hours and then rolled in a moist autoclaved paper towel and kept in the dark for 24 hours. 
Seeds were then planted in 11-cm-diameter pots with pasteurized clay loam soil with one seed 
per pot and grown for three weeks prior to inoculation. Approximately 1,000 J2 RRKNs per 
replicate were exposed to volatile compounds for three days using the previously described 
method. TSA plates without bacteria were used in the control treatment. Nematodes were then 
added to soil. The number of galls per root system were recorded by staining with acid fuchsin 
(Bellafiore et al., 2015) 10 days after inoculation. During preliminary experiments we found that 
10 days was sufficient time for the development of RRKN to young adults. To estimate the 
number of J2s that successfully infected plants, a subsample of 10 galls were dissected and the 
number of nematodes counted (Shrestha et al., 2007). The fresh root weights were recorded 
before staining with acid fuchsin. This experiment was conducted once as an RCBD with 10 
replicates per treatment. 
The time response of volatile compounds on J2 RRKN mortality: We exposed 100 – 120 J2s of 
RRKNs in 0.5 mL water to volatile compounds from bacterial strains in a sealed plastic box in the 
dark for 1, 3, 6, 24, 48, and 72 hours (Fig. 3.1A). J2 mortality was determined as described above. 
The median lethal time (LT50) at which 50% of the population was dead was calculated by PROC 
PROBIT in SAS University Edition (SAS Institute Inc., Cary, NC). This experiment was conducted 
twice as an RCBD with five replicates per treatment.  
The in planta effect of microbial volatiles on RRKN J2s: UPLRi-5 rice seeds were surface 
sterilized as described above and sown in clay loam soil within the upper portion of a two-part 
chamber (Park et al., 2015 and Tahir et al., 2017b). The lower chamber dimensions were 11 cm 
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top diameter x 10 cm base diameter x 6.5 cm height. The upper chamber was 11 cm top diameter 
x 10 cm base diameter x 10 cm height and the base was perforated with approximately 150 holes 
to allow for diffusion of the volatile compounds between chambers. Parafilm was used to join 
the two chambers (Fig. 3.1B). Two days before RRKN infection, a 48-hour bacterial culture on TSA 
was placed in the lower chamber to expose rice roots to the bacterial volatiles. TSA without 
bacteria was used as a control. About 800 RRKN J2s per treatment were added to the root zone 
of 3-week-old rice. The number of galls per root system and successfully infected J2s was 
recorded after 10 days as mentioned above. Plant height, fresh root weight and stem dry weight 
(dried in the oven at 60°C for 72 hours) were recorded. The experiment was conducted twice as 
an RCBD with 10 replicates per treatment under greenhouse conditions. 
The in vitro effect of volatile compounds on Xoo: 10 µL of Xoo suspension in H2O (108 -109 
CFU/mL) was added to a sterilized filter paper disc (5 mm in diameter) and then placed in the 
center of a 9-cm Petri plate containing modified Wakimoto’s agar (Jorgensen and Turnidge, 2015; 
Loehrer et al., 2016). Each plate was placed in a sealed plastic box (1.6 L) next to a 48-hour 
bacterial culture grown on TSA media (Fig. 3.1C). TSA plates without bacteria were used as a 
control. Sealed plastic boxes were incubated in the dark at 25 ± 3°C for seven days. The two 
perpendicular diameters of Xoo growth were measured and averaged to determine the total Xoo 
growth. The experiment was conducted twice as an RCBD with 5 and 10 replicates per treatment 
in the first and second trial respectively. We also tested the effect of CO2 on Xoo as described 
previously. This experiment was conducted once as an RCBD with ten replicates per treatment. 
The in planta effect of volatile compounds on Xoo: Seeds of susceptible rice variety TN1 
(Hasan Naqvi et al., 2015) were sterilized and sowed in the two-compartment setup as described 
above with pasteurized clay loam soil except that the aboveground tissue was surrounded by 
Mylar cases to funnel any volatile compounds that emerged from the soil towards the foliage 
(Fig. 3.1.D). Two days before Xoo infection, 48-hour bacterial cultures were placed in the lower 
chamber to expose rice to bacterial volatiles. TSA plates without bacteria were used as a control. 
Three-week-old rice was infected with Xoo using the scissor method (Djedatin et al., 2016). Xoo 
was suspended in distilled water (108 -109 CFU/mL). Scissors were dipped in the Xoo suspension 
and then used to cut the tip (c.a 1 cm) of two rice leaves per plant. Lesion lengths were recorded 
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at 7 and 14 days after treatment. This experiment was conducted once as an RCBD with 10 
replicates per treatment. 
The in vitro effect of volatile compounds on rice seed germination and growth parameters: A 
plastic box (0.5L) was prepared with two layers of autoclaved paper towel wetted by 30 mL of 
sterilized distilled water (Fig 3.1E). Thirty rice seeds (“TN1” and “UPLRi5”) were sterilized as 
described above and placed in a sealed plastic box with a 48-hour-bacterial culture and stored in 
the dark at 25 ± 3°C for three days and then under a 10-hour light:14-hour dark cycle at 25 ± 3°C 
for another seven days. The number of germinated seeds was counted three and 10 days after 
exposure. The root and shoot lengths of germinated seeds were measured 10 days after 
exposure. The experiments were conducted as an RCBD with four replicates per treatment. The 
experiment with variety TN1 was conducted twice, and the trial with variety UPLRi-5 was 
conducted once. The effect of CO2 was tested once and calculated as described above. 
The effect of volatile compounds on rice seed germination and growth parameters in planta: 
Rice seeds (“TN1” and “UPLRi-5”) were surface sterilized and sown in a two-compartment setup 
as described above with pasteurized clay loam soil. 48-hour-bacterial lawns on TSA were placed 
in the lower chamber to expose rice seeds to the volatile compounds. TSA alone was used as the 
control. The experiments were conducted once on TN1 and UPLRi-5 independently as RCBDs with 
10 replicates per treatment and 20 rice seeds per replicate. The number of germinated seeds 
were counted seven days after exposure. Root and shoot length were measured 14 days after 
exposure. 
Statistical analysis: PROC GLM for RCBD was used to analyze the datasets and Tukey's Honest 
Significant Difference (HSD) test was performed to compare treatment means. All analyses were 
conducted using SAS University Edition (SAS Institute Inc., Cary, NC). All data reported in results 
were from one trial in each experiment. 
Results 
We tested a subset of bacterial strains, previously shown to inhibit development of 
Rhizoctonia solani on rice (Mew and Rosales, 1986; Cottyn, 2003), for toxicity to RRKN through 
direct contact. Our results showed that submergence of RRKN J2s in bacterial suspensions for 
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three days causes more than 99% mortality to J2s compared with less than 3% mortality in the 
untreated control (Fig. 3.2). As two of the isolates were previously unidentified, we sequenced 
their 16S rDNA. Based on maximum likelihood analysis of the 16S sequences, we identified In-b-
17 as Bacillus sp. and In-b-590 as Paenibacillus sp. (Fig.3.3).  
Bacterial volatile compounds are toxic to J2s RRKNs: Recent research has demonstrated the 
potential toxicity of microbial-produced volatiles to nematodes (Gu et al., 2007; Xu et al., 2015; 
Liarzi et al., 2016; Cheng et al., 2017; Terra et al., 2017; Terra et al., 2018). We, therefore, tested 
whether the beneficial bacteria in our study also produced toxic volatiles. More than 99% of RRKN 
J2s appeared dead following three days of exposure to volatile compounds from Bacillus sp., 
Paenibacillus sp., and Xanthomonas sp. grown on TSA. In contrast, less than 5% of J2s exposed to 
TSA alone appeared dead after three days (Fig. 3.4A). There were no significant differences in 
mortality among the three bacterial treatments.  
To determine if the nematicidal effect of the bacterial volatile compounds was due to CO2 
accumulation in the sealed box, we repeated this experiment with barium hydroxide to absorb 
CO2 (Kai and Piechulla, 2009). We found that the presence of barium hydroxide did not mitigate 
the lethality of the bacterial volatiles (Fig. 3.4A). However, the estimated amount of CO2 in the 
control was statistically higher than treatments with bacteria (Fig. 3.4B). This result may suggest 
that Ba(OH)2 was ineffective at absorbing CO2.  The inclusion of Ba(OH)2 had no effects on the 
results of subsequent experiments and, similar to this one, resulted in greater precipitate 
formation in the control. We, therefore, do not include the Ba(OH)2 results from subsequent 
experiments.  
Nematodes can become quiescent when exposed to harsh environmental conditions 
(Schroeder and MacGuidwin, 2010). To determine if the effects of bacterial volatiles were long-
lasting, we infested established rice plants with RRKN J2s pre-exposed to bacterial volatiles for 
three days. We found no gall formation or J2 infection following exposure to volatile compounds, 
while unexposed J2s successfully infected rice and induced galls (Table 3.1). There was no 
statistical difference in the fresh root weight among treatments. 
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To further define the toxicity of volatile compounds to RRKNs, we examined the lethality of 
bacterial volatiles following multiple exposure times. Remarkably, we observed lethality within 
three hours after exposure to bacterial volatiles and almost complete lethality six hours after 
exposure (Table 3.2). To determine if the lack of movement was due to a temporary paralysis, we 
removed the nematodes from volatile exposure for 24 hours; however, we recorded no 
movement following this recovery period. 
We tested the ability of bacterial volatile compounds to diffuse through the soil to kill J2 
RRKNs by placing the bacterial plates in the lower chamber of a two-chamber setup. Remarkably, 
rice roots exposed to bacterial volatiles had reduced gall formation and J2 infection compared to 
the control treatment. We observed no effect of bacterial volatile compounds on plant growth 
parameters in these trials (Table 3.3). 
Bacterial volatiles inhibited the growth of Xoo in vitro but not in planta: Volatile compounds 
have inhibitory effects on diverse pathogens (Weisskopf 2013; De Vrieze et al., 2015; Tahir et al., 
2017b and Xie et al., 2018). Therefore, we investigated the ability of the bacterial volatile 
compounds to inhibit the growth of Xoo, the causal pathogen of bacterial leaf blight. The growth 
of Xoo was reduced in vitro when exposed to bacterial volatile compounds (50-60% of reduction) 
(Fig. 3.5A). In particular, Bacillus sp. and Xanthomonas sp. had a stronger effect than Paenibacillus 
sp. and the control. In contrast, we found no significant difference in lesion length among 
treatments in the experiment when rice plants were exposed to bacterial volatiles placed in the 
two-chamber system (Fig. 3.5B). 
The volatile compounds of two bacterial strains affected rice seed germination and plant 
growth parameters in vitro, but not in planta: While our in planta experiments did not suggest 
that any of the volatiles are phytotoxic, we conducted a series of experiments to directly test this 
using two rice varieties. Germination of both rice varieties was inhibited when placed in a sealed 
container with Bacillus sp. and Xanthomonas sp. Volatiles (Table 3.4). Exposure to the 
Paenibacillus sp. volatiles had no apparent effect on germination rates compared with the 
untreated control. Root lengths were reduced following exposure to bacterial volatiles compared 
to the untreated control (Table 3.4). Similarly, shoot lengths of young seedlings exposed to 
Bacillus sp. and Xanthomonas sp. volatiles were significantly shorter than those exposed to 
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Paenibacillus sp. and the untreated control (Table 3.4). To further examine the potential 
phytotoxicity of bacterial volatiles, we conducted a greenhouse experiment where seeds were 
exposed to bacterial volatiles in our two-chamber system. Under these conditions, neither rice 
germination nor growth parameters in either variety were affected (Table 3.5). Together, these 
results may suggest that phytotoxicity only occurs at high volatile concentrations.  
Discussion 
In this study, we tested the adverse effect of volatiles from three bacteria to RRKN J2s. These 
strains (Bacillus sp., Paenibacillus sp., and Xanthomonas sp.) were previously shown to inhibit the 
soil pathogen Rhizoctonia solani (Mew and Rosales, 1986; Cottyn, 2003).  Our results were similar 
to previous research demonstrating toxicity to M. incognita J2s following exposure to volatiles 
from Paenibacillus polymyxa and Bacillus megaterium (Huang et al. 2010; Cheng et al., 2017). 
Similarly, Terra et al. (2017) showed that Fusarium oxysporum volatile compounds were toxic to 
M. incognita J2s. Our time-course experiment showed that toxicity occurs rapidly.  
In our in planta experiments, gall formation and J2 infection were reduced by 60%. This is 
similar to previous results demonstrating an effect of fungal volatile compounds on M. incognita 
infection of tomato (Terra et al., 2017). Similarly, the application of a synthetic mixture based on 
the volatile compound profile of endophytic fungus Daldinia cf. concentrica reduced M. javanica 
infection in tomato (Liarzi et al., 2016). I speculate that bacterial volatiles may be directly toxic to 
RRKN J2s by contact effect. In addition, bacterial volatiles may be dissolved in the soil water and 
become toxic to J2s. In previous study, Terra et al. (2017) demonstrated that fungal volatile-
exposed water was caused 100% mortality to M. incognita J2s and reduced almost 50% of galls 
and egg reproduction on tomato roots in planta. Also, studies showed that microbial volatiles 
could induce plant resistance against pathogens (Kottb et al., 2015; Tahir et al., 2017a). 
Speculatively, bacterial volatiles may induce rice roots resistant to RRKN J2s. However, further 
studies need to be investigated bacterial volatiles inducing resistance against Meloidogyne spp. 
Our data supports the potential use of volatile compounds for the control of RRKNs. Future 
studies will identify the volatile compound profiles of these bacteria to better understand the 
mechanism of toxicity. It will also be beneficial to test these bacteria against other developmental 
stages of RRKNs. 
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Our attempt to mitigate the potential toxicity of CO2 was inconclusive. While the inclusion 
of a Ba(OH)2 absorbent of CO2 did not affect our results, the amount of BaCO3 precipitate in the 
control was consistently greater than the bacterial strains. One explanation is that the control 
group test subjects in the control groups were still respiring at an increased rate compared to 
treated subjects. Alternatively, it is possible that there were undetected problems in our 
experimental setup for the CO2 absorption trials. Schroeder and MacGuidwin (2010) previously 
demonstrated that exposure of Heterodera glycines J2s to high levels of CO2 for three hours 
resulted in only a temporary quiescence. We, therefore, speculate that the CO2 accumulation in 
in vitro experiment was not the sole factor causing RRKN J2 mortality.  
Microbial volatile compounds often have inhibitory effects on diverse pathogens (Weisskopf 
2013; De Vrieze et al., 2015; Tahir et al., 2017b; Xie et al., 2018). In our experiments, the volatile 
compounds from the bacterial strains inhibited the growth of Xoo in vitro in a sealed chamber 
(50 – 60% reduction). Our finding was similar to Xie et al. (2018) who used volatile compounds 
from different Bacillus strains to inhibit Xoo. While we showed an inhibitory effect in vitro, we 
did not observe any effect of volatile compounds on lesion lengths in planta. It is possible that 
the volatile compounds did not effectively permeate through the soil profile to reach the 
infection site. It will be interesting to test the effect of beneficial bacteria on Xoo infection when 
directly applied to rice leaves. 
The volatile compounds of Bacillus sp. and Xanthomonas sp. were phytotoxic to rice 
germination and seedling growth parameters in vitro. This result was similar to studies that 
showed a reduction of A. thaliana growth when exposed to microbial volatile compounds 
(Vespermann et al., 2007; Blom et al., 2011; Wenke et al., 2012). However, under greenhouse 
conditions, we found no effect of bacterial volatiles on rice germination or seedling development. 
The different results from laboratory and greenhouse trials may be explained by the likely 
difference in volatile concentration. Additional refinement of the dose effects of volatiles on 






This study demonstrates that bacterial volatiles have the potential to control RRKNs. Also, 
the result may suggest that bacterial volatiles inhibit Xoo at high concentrations that may also 












































































Table 3.1. The infectivity of rice root-knot nematode J2s after in vitro exposure to bacterial 
volatiles.  
Treatment Galls/Root system Nematodes/Root system Root fresh weight (g) 
Control 20 ± 3 a1 184 ± 1 a 0.618 ± 0.057 a 
Bacillus sp. 0 b 0 b 0.702 ± 0.041 a 
Paenibacillus sp. 0 b 0 b 0.723 ± 0.064 a 
Xanthomonas sp. 0 b 0 b 0.759 ± 0.076 a 
1 Value in each cell was mean ± standard error. Different letters in each column indicate statistical significance 


















































Table 3.2. Time response analysis of rice root-knot nematode J2s exposed to bacterial volatiles. 
Treatment 
Trial 1 Trial 2 
LT501 (hours) 
(95% Fiducial Limits) 
LT50 (hours) 
(95% Fiducial Limits) 
Bacillus sp. 1.69 (1.6 – 1.78) 2.25 (1.85 – 2.65) 
Paenibacillus sp. 1.96 (1.69 – 2.25) 2.56 (2.23 – 3.13) 
Xanthomonas sp. 1.88 (1.56 – 2.23)  2.25 (1.87 – 2.6) 






























Control 23 ± 2 a1 196 ± 18 a 0.35 ± 0.042 a 0.3 ± 0.025 a 53.91 ± 2.25 a 
Bacillus sp. 11 ± 1 b 82 ± 12 b 0.32 ± 0.036 a 0.34 ± 0.034 a 54.29 ± 1.53 a 
Paenibacillus sp. 7 ± 1 b 69 ± 13 b 0.33 ± 0.029 a 0.33 ± 0.029 a 53.96 ± 1.98 a 
Xanthomonas sp. 9 ± 1 b 75 ± 12 b 0.34 ± 0.039 a 0.33 ± 0.036 a 55.04 ± 1.77 a 
1 Value in each cell was mean ± standard error. Different letters in each column indicate statistical significance based 




































Table 3.4. The germination rate and seedling growth parameters of two rice varieties exposed to volatile 















Control 0.97 ± 0 aN 38.83 ± 1.7 a 24.08 ± 1.17 b 0.95  ± 0.02 a 47.53 ± 0.96 a 68.87 ±0.83 a 
Bacillus sp. 0.49 ± 0.07 b 0.27 ± 0.07 c 9.68 ± 0.67 c 0.02  ± 0.01 b 0 ± 0 c 12 ± 0 c 
Paenibacillus sp. 0.98 ± 0.02 a 18.75 ± 1.02 b 31.06 ± 1.17 a 0.96  ± 0.01 a 30.19 ± 1.34 b 58.42 ± 0.91 b 
Xanthomonas sp. 0.73 ± 0.05 b 0.24 ± 0.7 c 9.35 ± 1.14 c 0.38  ± 0.09 b 0 ± 0 c 12.18 ± 0.7 c 
N Value in each cell, mean ± standard error. Different letters in each column indicate statistical significance based on 






















Table 3.5. The germination rate and growth parameters of two rice varieties exposed to bacterial 















Control 0.89 ± 0.02 aN 12.8 ± 0.36 a 23.1 ± 0.33 a 0.89  ± 0.02 a 10.67  ± 0.39 a 28.28 ± 0.43 a 
Bacillus sp. 0.88 ± 0.02 a 12.2 ± 0.35 a 23.1 ± 0.31 a 0.93  ± 0.02 a 13.35 ± 0.75 a 30.22 ± 1.43 a 
Paenibacillus sp. 0.89 ± 0.02 a 12.8 ± 0.33 a 22.2 ± 0.34 a 0.91  ± 0.03 a 11.57 ± 0.42 a 30.29 ± 1.56 a 
Xanthomonas sp 0.85 ± 0.03 a 11.2 ± 0.32 a 23.6 ± 0.27 a 0.93  ± 0.02 a 11.43 ± 0.36 a 27.95 ± 0.34 a 
Z: Germination rate at 7 days after bacterial volatile exposure.  
T: Growth parameters at 14 days after bacterial volatile exposure.  
N Value in each cell was mean ± standard error. Identical letters in each column are not statistically different based on 





Figure 3.1. The illustration of experimental setup of bacterial volatiles antagonism 
against rice root-knot nematode J2s in vitro (A) and in planta (B); Xanthomonas 
oryzae pv. oryzae in vitro (C) and in planta (B) with rice confined in a Mylar case; 






Figure 3.2. Mortality of rice root-knot nematode J2s three days after submergence into bacterial 
suspensions. Error bars of the mean (SEM). Different letters above bars indicate statistical 





















Figure 3.3. Hypothesized phylogenetic tree based on 16S sequences suggests beneficial strains 
ln-b-17 and ln-b-590 are Bacillus sp. and Paenibacillus sp., respectively. The phylogenetic tree 
was constructed by maximum likelihood method using the Tamura-Nei model in MEGA-7 with 
1000 bootstrap replicates. Pseudomonas fluorescens was used as the outgroup taxa. The tree is 














Figure 3.4. Mortality of rice root-knot nematode J2s three days after exposure to bacterial 
volatiles without (left) or with (right) Ba(OH)2 included to absorb CO2 (A). The weight of absorbed 
CO2 was determined by the amount of precipitated BaCO3 (B). Error bars, SEM. Different letters 




Figure 3.5. Bacterial volatiles inhibited the growth of Xanthomonas oryzae pv. oryzae in vitro (A), 
but did not influence the infection by Xanthomonas oryzae pv. oryzae on rice in planta (B). Error 
bars, SEM. Different letters above bars indicate statistical significance based on Tukey’s HSD test 
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BENEFICIAL BACTERIA MAY EMPLOY MULTIPLE MECHANISMS TO CONTROL  
ABOVE- AND BELOW-GROUND RICE PATHOGENS 
Abstract 
Beneficial microbes have emerged as a potential tool to sustain rice protection and reduce 
ecological and environmental impacts due to pesticide overuse. In this study, I examined the 
mechanisms of two putative beneficial bacteria (Bacillus sp. and Paenibacillus sp.) against 
Xanthomonas oryzae pv. oryzae (Xoo) and Meloidogyne graminicola – rice root-knot nematodes 
(RRKN). I found that both beneficial bacterial strains were antagonistic to Xanthomonas oryzae 
pv. oryzae in vitro and reduced the lesion lengths in planta. Similarly, J2 RRKNs died after three 
days in bacterial suspensions in vitro and reduced J2 infection in planta.  Also, volatile compounds 
from beneficial bacteria inhibited Xoo growth and were lethal to J2 RRKNs in the sealed plastic 
container experiments. I also conducted RNA-Seq analysis to show that cell-wall related genes 
(e.g. xyloglucan endotransglucosylase/hydrolase, subtilisin, laccase) were upregulated in rice 
inoculated with beneficial bacteria. The result may suggest that beneficial bacteria prime the rice 
plants against above- and below-ground rice pathogen by enhancing cell-wall strength. Our 
results demonstrate that beneficial bacteria may have different modes of action for the control 
of above- and below-ground pathogens.  
Keywords: antimicrobial peptide genes, antagonism, bacterial inhibition, bacterial volatiles, 
cell wall enhancement. 
Introduction 
Bacterial leaf blight (BLB) is one of the most yield-limiting diseases of rice in Asian countries 
(Xie et al., 2018). The causal agent of BLB is Xanthomonas oryzae pv. oryzae, a gram-negative 
bacterium that grows in the xylem vessels resulting in yellow or white lesions on the leaves 
(Doucouré et al., 2018). Most high-yield varieties of rice are susceptible to BLB with yield losses 
from 20 to 80% with severe infections. Chemicals and antibiotics are not effective to control BLB 
(Khan et al., 2014; Yasmin et al., 2017). Therefore, the use of beneficial microbes is an effective 
strategy to control Xoo (El-shakh et al., 2015). For instance, Pseudomonas spp., Bacillus spp., and 
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Paenibacillus spp. are used for the biocontrol of BLB (Khan et al., 2014; Yasmin et al., 2016; 
Haidary et al., 2018).  
Root-knot nematodes (Meloidogyne spp.) are the most destructive plant-parasitic 
nematodes that parasitize almost every vascular plant species and cause the highest yield losses 
in many crop plants (Jones et al., 2013). The rice root-knot nematodes (RRKN) is the most 
damaging parasitic nematode of rice; causing yield losses of up to 80% in severely infested fields 
(Dutta et al., 2012; Khan et al., 2012; Upadhyay et al., 2014). Nematicides are an effective way to 
manage RRKN, but adversely affect the environment and human health (Khan et al., 2012). For 
example, methyl bromide was extremely effective in managing plant-parasitic nematodes but 
was phased-out due to its toxicity to humans and the environment (Zasada et al., 2010). 
Numerous studies have used beneficial microbes to inhibit RRKN (Padgham and Sikora, 2007; 
Pankaj et al., 2010; Seenivasan et al., 2012) as an alternative strategy to chemical control.  
Beneficial microbes act against pathogens and pests through direct and indirect effects (Ali 
et al., 2015). For instance, beneficial plant-associated microbes can have either direct effects in 
suppressing harmful pathogens by producing secondary metabolites toxic to a particular pest or 
pathogen, or indirect effects on harmful pathogens by inducing plant defense mechanism 
(Berendsen et al., 2012). Also, another group of secondary metabolites is underexplored to date 
called microbial volatile compounds has received attention as tools to promote plant growth and 
suppress pathogens, nematodes and insects, mostly on dicot plants (Ryu et al., 2003; Gu et al., 
2007; Popova et al., 2014; Park et al., 2015; De Vrieze et al., 2015; Xu et al., 2015; Cheng et al., 
2017; Schulz-Bohm et al., 2017; Tahir et al., 2017a,b and Xie et al., 2018). The effect of volatile 
compounds on pathogens and pests of monocot plants such as rice is not well-documented. For 
example, Xie et al. (2018) demonstrated that volatile compounds suppressed the causal agent of 
bacterial leaf blight Xanthomonas oryzae pv. oryzae (Xoo). 
In this study, I used four beneficial bacterial strains (Bacillus sp. (In-b-17), B. 
amyloliquefaciens, Paenibacillus sp. (In-b-590) and P. macerans) to investigate the mechanistic 




Materials and Methods 
Rice variety: Taichung Native 1 (TN1) and UPLRi-5 (Oryza sativa var. indica) were used in our 
experiments due to their susceptibility to BLB and RRKNs, respectively (Cabasan et al., 2014; 
Hasan Naqvi et al., 2015). 
Cultures: In-b-17, In-b-590, Bacillus amyloliquefaciens and Paenibacillus macerans were 
isolated from soil at the International Rice Research Institute’s experimental plots in the 
Philippines (Mew and Rosales, 1986). Xoo strain PXO99A isolated from the Philippines and was 
cultured on modified Wakimoto’s agar (Loehrer et al., 2016). RRKN was isolated from infected 
Asian rice roots from Batangas, Philippines and grown on Oryza sativa var. indica UPLRi-5 in clay 
loam soil in the greenhouse. RRKN J2s were isolated by adding fragments of infected rice roots 
onto a Baermann funnel overnight and collecting on a 25-µm sieve (Barrière and Félix, 2006). 
Antagonistic effect of beneficial bacterial strains on Xoo in vitro:  Beneficial bacterial strains 
were grown on TSA for 48 hours and then suspended in 50mL of sterilized distilled water. 100 µL 
of an Xoo suspension (108 – 109 CFU/mL) was spread on a 9-cm Petri plate containing tryptic soy 
agar (TSA) and allowed to dry under the fume hood for one hour. A sterilized filter paper disc (5 
mm in diameter) soaked with 10 µL of the beneficial bacterial suspension was placed in the center 
of the Xoo TSA plate (Jorgensen and Turnidge, 2015). These plates were then put in the dark at 
28°C for three days (Xie et al., 2018). After three days, the inhibition zone was measured and 
calculated as described by Jorgensen and Turnidge (2015). The inhibition zone was defined as a 
clear zone without bacterial colonies around the filter paper disc (Bonev et al., 2008). The 
experiment was conducted twice as a randomized complete block design (RCBD) with five 
replicates per treatment. The data of two trials were pooled and analyzed to reduce the variation. 
Antimicrobial peptide genes in tested Bacillus strains and Paenibacillus strains: DNA 
extraction was conducted following the protocol in Easy-DNATMKit (Invitrogen). I then quantified 
the DNA concentration by NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 
Walthman, MA, USA). The primers of antimicrobial peptide genes of Bacillus spp. and 
Paenibacillus spp. were selected based on Mora et al. (2011), Choi et al. (2009) and Li et al. (2013) 
(Table 1). The universal 16S rDNA primers (799F and 1391R) (Beckers et al., 2016) were used as 
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the control. PCR amplification was conducted in 20 µL reactions containing 2 µL 10X Standard 
Taq Reaction Buffer (New England BioLabs®Inc.), 0.4 µL of 10 mM dNTPs, 0.4 µL of forward and 
reverse primer (10 mM), 0.1 Taq DNA polymerase, 15.7 µL of nuclease-free water, and 1 µL of 
DNA (~50 ng/µL). The PCR was done using the following condition: 95°C for 30 seconds, 30 cycles 
of 95°C for 30 seconds, annealing temperature (58°C for almost all genes and 55°C for bmyB gene) 
for 30 seconds and 68°C for 1 minute. The final extension was at 68°C and final hold was at 4°C. 
Antagonistic effect of beneficial bacterial strains on RRKNs in vitro: 100 – 120 RRKN second 
stage juveniles (J2s) in 0.5 mL water were mixed with 0.5 mL of bacterial strain suspension 
prepared as aforementioned in 2-mL Eppendorf tubes and incubated in the dark at 25 ± 3°C for 
three days (Cheng et al, 2017). J2 mortality was observed and computed based on the Schneider-
Orelli formula which corrects for death in the control treatment (Cheng et al., 2017). J2s were 
considered alive if they moved spontaneously or after physical stimulation. The experiment was 
conducted twice as an RCBD with 10 replicates per treatment with In-b-17 and In-b-590 and I 
included B. amyloliquefaciens and P. macerans as additional treatments in the third trial. 
The in vitro effect of bacterial volatiles on Xoo: 10 µL of Xoo suspension in H2O (108 -109 
CFU/mL) was added to a sterilized filter paper disc (5 mm in diameter) and then placed in the 
center of a 9-cm Petri plate containing modified Wakimoto’s agar (Jorgensen and Turnidge, 2015; 
Loehrer et al., 2016). Each plate was placed in a sealed plastic box (1.6 L) next to a 48-hour 
bacterial culture grown on TSA media. TSA plates without bacteria were used as a control. Sealed 
plastic boxes were incubated in the dark at 25 ± 3°C for seven days. The two perpendicular 
diameters of Xoo were measured and averaged to determine the total Xoo growth. The 
experiment was conducted once as an RCBD with 10 replicates per treatment with B. 
amyloliquefaciens and P. macerans. Xoo growth under these bacterial volatiles was compared 
with the Xoo growth under bacterial volatiles in chapter 3. 
The in vitro effect of bacterial volatiles on J2 RRKNs: Bacterial strains were grown on TSA for 
48 hours and then placed inside  a sealed plastic box (0.5L) with 50-60 RRKN J2s in 0.5 mL H2O in 
a 2-mL Eppendorf tube. TSA plates without bacteria  were used as a control treatment. After 
three days of volatile exposure at 25 ± 3°C J2 mortality was observed and computed as described 
previously. The experiment was conducted once as an RCBD with 10 replicates per treatment 
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with B. amyloliquefaciens and P. macerans. Then, J2 mortality caused by these bacterial volatiles 
was compared with J2 mortality caused by bacterial volatiles in chapter 3. 
The infection of BLB and RRKNs in rice pre-inoculated with beneficial bacterial strains: Rice 
seeds (“TN1” and “UPLRi5”) were surface sterilized in 70% ethanol for one minute, washed three 
times in sterile distilled H2O, soaked in 5.25% sodium hypochlorite for 20 minutes and washed 
three times with sterile distilled H2O (Daud et al., 2012). Seeds were then soaked in sterile 
distilled H2O for 24 hours and wrapped in a moist autoclaved paper towel and kept in the dark 
for 24 hours. Germinated seeds were transferred to a plastic box (27 x 34 cm) containing 
pasteurized clay loam soil and placed in the greenhouse for seven days and then uprooted and 
washed gently with tap water. Following that, roots of rice seedlings were soaked in prepared 
beneficial bacterial suspensions for 30 minutes and control plants were soaked in sterilized 
distilled water. After soaking, rice seedlings were transplanted to clay pots containing 
pasteurized clay loam soil with one seedling per pot. For the BLB experiments, suspensions of 
beneficial bacterial strains were sprayed on leaves to the point of runoff three and ten days after 
transplanting. At 12 days after transplanting, a suspension of Xoo (108 – 109 CFU/mL) was 
inoculated to two rice leaves/plant (TN1 variety) randomly by scissor method (Djedatin et al., 
2016). Briefly, Xoo was suspended in distilled water (108 -109 CFU/mL). Scissors were dipped in 
the Xoo suspension and then used to cut the tip (ca. 1 cm) of two rice leaves per plant. For the 
RRKN experiments, a 1mL of the beneficial bacterial suspensions was added to the soil adjacent 
to the root zone two more times three and ten days after transplanting. RRKN experiments were 
conducted based on previous experiments (Shrestha et al 2007). 400 J2s of RRKNs were 
inoculated into the root zone of UPLRi-5 variety (Shrestha et al., 2007) 12 days after 
transplanting. The number of galls per root system were recorded by staining with acid fuchsin 
(Bellafiore et al., 2015) 10 days after inoculation. To estimate the number of J2s that successfully 
infected plants, a subsample of 10 galls were dissected and the number of nematodes counted 
(Shrestha et al., 2007). The experiments were conducted twice as an RCBD with 10 replicates per 
treatment under greenhouse conditions. 
The infectivity of BLB and RRKNs pre-exposed to beneficial bacterial strains on rice: Rice 
plants and bacterial suspensions were prepared as mentioned above. For the BLB experiment, 
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each beneficial bacterial suspension was mixed with the Xoo suspension for one hour (ratio 
1:1/v:v). The Xoo suspension was mixed with sterilized distilled water as the control treatment. 
Then each mixture was applied to two rice leaves per plant (TN1 variety) randomly by the scissor 
method 19 days after germination (Djedatin et al., 2016). For the RRKN experiment, 400 J2 RRKNs 
were submerged in beneficial bacterial suspension (ratio 1:1/v:v) for one hour.  400 J2s were 
submerged in sterilized distilled water as the control treatment. J2s were added to the root zone 
of rice (UPLRi-5 variety) 19 days after germination. The experiments were conducted twice as an 
RCBD with 10 replicates per treatment under greenhouse conditions. 
Fertilizer (Sodium sulfate – Na2SO4) was applied at the rate 1g/500g soil two days before 
transplanting and two more times (every seven days). Plant height and plant above and below-
ground dry biomass (dry in the oven at 60°C for 72 hours) were recorded at the end of each 
experiment.  
Statistical analysis: PROC GLM for RCBD was used to analyze the datasets and Tukey's 
Studentized Range (HSD) Test and Dunnett’s test were performed to compare treatment mean 
with control (P ≤ 0.05). All analyses were conducted using SAS University Edition (SAS Institute 
Inc., Cary, NC). All results are reported from one of the trials of the experiments. 
RNA sequence analysis of plants associated with beneficial bacterial strains: The complete 
genome sequence of Oryza sativa pv. japonica has been widely used for the rice reference 
genome (Trinh et al., 2017). Therefore, I selected Kitaake (O. sativa var. japonica) susceptible to 
Xoo to study the differential gene expression with RNA sequence (RNA-Seq) of plants treated 
with beneficial bacteria (Li et al., 2017). Before conducting the RNA-Seq experiment, I also tested 
the ability to reduce lesion lengths caused by Xoo of beneficial bacterial strains on Kitaake in the 
growth chamber at 28°C : 26°C (day : night), 200 mmol light intensity. Bacterial suspensions (In-
b-17, In-b-590, B. amyloliquefaciens and P. macerans) were prepared as described previously. 
Rice seeds (TN1 and Kitaake variety) were surface sterilized as mentioned above and soaked in 
bacterial suspensions of In-b-17, In-b-590, Bacillus amyloliquefaciens and Paenibacillus macerans 
for one hour. Sterilized distilled water was used as the control treatment. Seeds were transferred 
to plastic boxes containing autoclaved clay loam soil. Three seeds were sown in one box comprise 
a biological replicate. Three boxes for each treatment. At 21 days old, a suspension of Xoo (108 – 
80 
 
109 CFU/mL) was applied to two rice leaves/plant randomly as described. Lesion lengths of Xoo 
were measured at 7 and 14 days after inoculation. The experiment was conducted once as an 
RCBD. 
For the RNA-Seq experiment, Kitaake seeds were treated as mentioned above and then 
transferred to plastic boxes containing autoclaved clay loam soil. Three seeds were sown in one 
box which comprised a biological replicate. There were two boxes for each treatment. Three 
plants (leaves and root) at 21 days old in each biological replicate were collected and rapidly 
frozen in liquid nitrogen and kept in -80°C. RNA extraction was followed by the method of Azizi 
et al. (2017) with minor modification (TRIzol method). In brief, I pre-cooled a mortar and pestle 
prior to putting the frozen plant by liquid nitrogen. The sample was ground to a fine powder and 
1 mL of TRIzol Reagent (Invitrogen) was added immediately. After that, the sample was 
transferred to microcentrifuge tube and gently turned up and down a few times to mix the TRIzol 
Reagent with the sample and incubated for 10 minutes in the fume hood on ice. After the 
incubation, 200 µL of chloroform was added and the tube was inverted for 30 seconds before it 
was incubated for 5 minutes. The mixture then was centrifuged at 1300 rpm at 4°C for 15 
minutes. The supernatant was collected and transferred to a new microcentrifuge tube. 250 µL 
of isopropanol and 250 µL of 2 M sodium chloride (NaCl) were pipetted into the tube to 
precipitate the RNA. The sample was vortexed and kept at room temperature for 10 minutes 
before it was centrifuged at 1300 rpm at 4°C for 15 minutes. The supernatant was discarded and 
70% of ethanol was added to wash the pellet twice. Finally, I added absolute ethanol to wash the 
pellet and dried the pellet in the fume hood for at least 30 minutes. I then added 30 µL of DEPC 
water to re-suspend the pellet. I used the NanoDrop ND-1000 spectrophotometer (Thermo 
Scientific, Walthman, MA, USA) to quantify the RNA concentration of each sample and ran PCR 
to check the quality of the RNA extraction. I did the DNAase treatment following the RNA Cleanup 
protocol (RNeasy Mini Kit, QIAGEN) and sent RNA samples to Beijing Genomic Institute (Hong 
Kong) for sequencing. At least 1000 ng of RNA (combine of two biological replicates per 
treatment) was sent for RNA sequencing. 
RNA-Seq data analysis: I used FASTQC to conduct sequence quality control (Andrew, 2010). 
Raw sequences were aligned to the rice reference genome (Oryza sativa Japonica Group) 
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downloaded from the National Center for Biotechnology Information (NCBI) website 
(www.ncbi.nlm.nih.gov/genome/10?genome_assembly_id=22512) by Rsubread (Liao et al., 
2013). Counting reads were conducted by edgeR (Robinson et al., 2010) and differentially 
expressed genes (DEGs) were performed by DESeq (Anders and Huber, 2010). Differentially 
expressed genes were determined by P ≤ 0.05 and false discovery rate ≤ 0.05. Gene annotation 
was done by using RAPDB database (Sakai et al., 2013). The DEGs were then loaded into the 
MapMan software (version 3.5.1R2) for the biotic stress annotations (Usadel et al., 2005). On the 
MapManStore server (http://mapman.gabipd.org/web/guest/mapmanstore), Osa_MSU_v7 
mapping files were downloaded for mapping. Gene ontology (GO) enrichment analysis was 
performed on the web-based “AgriGO” (version 2) (Tian et al., 2017). To determine the 
enrichment, I used Fisher’s exact test (P-value ≤ 0.05) and the Benjamini-Hochberg’s false 
discovery rate (FDR) ≤ 0.05 as cut-off values (Hsu and Tung, 2017). 
Results 
In-b-17 (Bacillus sp.) and In-b-590 (Paenibacillus sp.) antagonized Xanthomonas oryzae pv. oryzae 
and rice root-knot nematode J2s in vitro 
In-b-17 and In-b-590 showed an antagonistic effect (halo zones) against Xoo in co-culture 
plates. In contrast, B. amyloliquefaciens and P. macerans did not show antagonistic effect (no 
halo zone) against Xoo although they are in the same genus with In-b-17 and In-b-590 
respectively (Fig. 4.1). Interestingly, almost all RRKN J2s were killed when submerged into these 
four bacterial suspensions (Fig. 4.2).  
In-b-17 (Bacillus sp.) possibly possesses some putative antimicrobial peptide genes that are not 
detect in B. amyloliquefaciens 
I used primers of antimicrobial peptide genes of Bacillus spp. and Paenibacillus spp. to detect 
the presence or absence of these genes in In-b-17, In-b-590, B. amyloliquefaciens and P. 
macerans (Mora et al., 2011; Choi et al., 2009 and Li et al., 2013). These antimicrobial peptide 
genes may contribute to the explanation of the antagonistic effect of In-b-17 and In-b-590 on 
Xoo. I found that In-b-17 has genes to produce antimicrobial compounds that B. 
amyloliquefaciens does not produce (Fig. 4.3). These genes might be called fengycin and 
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polymyxin-C by using primers in Table 1. These genes potentially contributed to the explanation 
of In-b-17 antagonism against Xoo. However, I did not detect any differences of putative 
antimicrobial peptide genes in In-b-590 versus P. macerans by using those primers of 
antimicrobial peptide genes of Paenibacillus spp. 
Bacterial volatiles inhibited Xanthomonas oryzae pv. oryzae growth and were toxic to rice root-
knot nematode J2s in vitro 
The mortality data of RRKN J2s and Xoo growth inhibition exposed to volatiles from B. 
amyloliquefaciens and P. macerans were compared with mortality data of RRKN J2s and Xoo 
exposed to In-b-17 and In-b-590 (Chapter 3). The diameters of the Xoo growth were dramatically 
inhibited by volatiles from four bacterial strains seven days after exposure (Fig. 4.4). Although B. 
amyloliquefaciens and P. macerans did not antagonize Xoo in the co-culture trials, their volatiles 
still had an adverse effect on the Xoo growth. Remarkably, volatile compounds from four 
bacterial strains were also lethal to J2 RRKN after three days of exposure (Fig. 4.5).  
In-b-17 (Bacillus sp.) and In-b-590 (Paenibacillus sp.) antagonize Xanthomonas oryzae pv. oryzae 
and rice root-knot nematode J2s indirectly and directly in planta  
Rice plants pre-inoculated with In-b-17 and In-b-590 showed a significant reduction of Xoo 
lesion length on leaves (about 30%) (Fig. 4.6A). Also, the reduction of Xoo lesion lengths was 
observed when Xoo was mixed with beneficial bacterial strains before being applied on rice 
leaves (Fig. 4.6B). Interestingly, Xoo lesion lengths from Xoo-bacterial mixture trials were about 
half of Xoo lesion lengths from rice plants pre-inoculated with In-b-17 and In-b-590 trials. 
In the bacterial pre-inoculation experiment, the number of galls per root system and infected 
J2 RRKN were reduced by almost 50% compared to the control (Fig. 4.7). Also, there was about 
50% of reduction of nematode infection in rice roots in the pre-submerge J2s to bacterial 
suspension experiment (Fig. 4.8).  
Cell wall related genes in In-b-17 (Bacillus sp.) and In-b-590 (Paenibacillus sp.)  treated plants 
may be primed to reinforce the plant cell walls against above and below-ground rice pathogens  
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O. sativa var. japonica (Nipponbare) has been used as the rice genome reference for 
numerous studies (Schatz et al., 2014). Therefore, Kitaake (O. sativa var. japonica) susceptible to 
Xoo was used to study the differential gene expression of plants treated with beneficial bacteria. 
I first confirmed that Xoo lesion lengths were reduced in both rice genotypes treated with In-b-
17 and In-b-590 (Fig. 4.9). 
For RNA-Seq analysis, all sequences were of good quality (e.g. Fig. 4.10) with the sequence 
length of 100 base pairs (bp) and each sequence had over 25 million raw reads (Table 4.2). I 
aligned raw reads to the rice genome reference and analyzed the differentially expressed genes 
(DEGs) by Rsubread, edgeR and DESeq. The results showed that there were more than 1400 
genes differentially expressed totally (Appendix D) in plants treated with beneficial bacterial 
strains. Among that, 60 genes were differentially co-expressed (upregulated or downregulated 
across treatments) (Fig. 4.11). The amount of DEGs in both In-b-17 and In-590 associated plants 
only were 37 genes. More than 70 genes and 160 genes were uniquely expressed in plants 
inoculated with In-b-17 and In-b-590, respectively.  
The overview of MapMan biotic stress pathway of common DEGs in plants treated with In-
b-17 and In-590 illustrated that genes related to cell wall, beta-glucanase, proteolysis, signaling 
and glutathione S-transferase (e.g. xyloglucan endotransglucosylase/hydrolase, phi glutathione 
S-transferase, subtilisin, laccase) were upregulated. In contrast, some genes related to secondary 
metabolism, peroxidase, and glutathione S-transferase, signaling, ethylene (e.g. flavonol 3-O-
glucoside malonyltransferase, peroxidase 22.3, ethylene response factor 59) were 
downregulated (Fig. 12, 13, 14 and Table E.1, E.2, E.3). As shown in Fig. 12, 13, and 14, cell wall 
related genes were upregulated in plant treated with In-b-17 and In-b-590. This suggested that 
cell wall related genes in In-b-17 and In-b-590 treated plants might be primed to enhance the 
resistance against above and below-ground rice pathogen. 
GO enrichment analysis supported the visualization of MapMan biotic stress pathway in 
which cytoplasmic membrane-bounded vesicle, membrane-bounded vesicle were enriched in 
common DEGs in both the In-b-17 and In-b-590 treated plant (Table E.4). Also, intracellular 
organelle, membrane-bounded organelle, organelle, cell, intracellular membrane-bounded 
organelle, cell part, intracellular part were enriched in In-b-17 treated plant (Table E.5). In In-b-
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590 treated plant, ion, lipid, metal, cation and iron transport, response to oxidative stress, 
response to chemical stimuli, oxidation reduction, antioxidant activity were enriched (Table E.6).  
Discussion 
My in vitro data suggest that In-b-17 (Bacillus sp.) and In-b-590 (Paenibacillus sp.) 
antagonized Xoo. The results were similar to other studies which used Bacillus spp. and 
Paenibacillus spp. as antagonists of Xoo (Wu et al., 2015; Cheng et al., 2016; and Haidary et al., 
2018). Several tentative antimicrobial peptides that adversely affected Xoo have been identified 
such as difficidin, bacilysin, iturin, polymyxin (Lee et al., 2008; Wu et al., 2015; and Cheng et al., 
2016). In my experiments, In-b-17 possibly possesses antimicrobial peptide genes such as 
fengycine, polymyxin-C that were not detect in B. amyloliquefaciens. These putative 
antimicrobial peptide genes might contribute to the antagonistic effect that we recorded in in 
vitro experiment. However, more experiments are needed to confirm the presence or absence 
of these antimicrobial peptide genes in these bacterial genomes. Interestingly, Wu et al. (2015) 
indicated that B. amyloliquefaciens FZB42 had antibacterial activity against Xoo by producing 
antibacterial peptides called difficidin and bacilysin. However, our B. amyloliquefaciens strain did 
not show antagonism against Xoo. I suggest doing a comparative genomic study to understand 
differences in their genomes that made a bacterium antagonize or not antagonize Xoo. My 
attempt to detect the differences in the presence or absence of antimicrobial peptide genes 
between In-b-590 and P. macerans was not successful.  
In the direct antagonistic experiment, only In-b-17 and In-b-590 directly antagonized Xoo. 
Various studies indicated that Bacillus spp. and Paenibacillus spp. produced antibacterial 
compounds such as difficidin, bacilysin, melittin against Xoo in vitro and in planta (Wu et al., 2015; 
Shi et al., 2016). It is likely that In-b-17 and In-b-590 but not B. amyloliquefaciens and P. macerans 
produce antibacterial compounds against Xoo. Interestingly, these bacterial strains also emitted 
volatiles that inhibited the Xoo growth in vitro. In previous study, Xie et al. (2018) showed that 
volatile compounds from Bacillus strain D13 inhibited the Xoo growth (37.5% inhibition) after six 
days of exposure. Also, Raza et al. (2015) showed that volatile compounds from P. polymyxa WR-
2 inhibited fungal growth and spore germination of Fusarium oxysporum f. sp. niveum. In the 
future, I will identify the volatile profiles of our bacterial strains and test their antibacterial 
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activity against Xoo. The results may suggest that different benenificial microbes may use diverse 
modes of action to antagonize Xoo.  
All bacterial strains were lethal to RRKN J2s in vitro. Many studies demonstrated that Bacillus 
spp. and Paenibacillus spp. can cause 80-100% mortality to M. incognita J2s in vitro when 
exposed to bacterial culture filtrates (Khan et al., 2008; Pankaj et al., 2010; and Cheng et al., 
2017). In my experiment, more than 99% of RRKN J2s were dead within three days after exposure 
to bacterial volatiles. The results were similar to the studies of volatile compounds from 
Paenibacillus polymyxa KM2501-1 which caused more than 92% mortality, and Bacillus 
megaterium YMF3.25 caused 100% mortality to M. incognita J2s (Huang et al. 2010; Cheng et 
al.,2017). My study showed that beneficial bacteria may employ various modes of action to kill 
M. incognita J2s.  
The in planta experiments demonstrated that In-b-17 and In-b-590 might act via induced 
plant resistance or direct adverse effect against Xoo and RRKN. Many studies have shown that 
beneficial bacteria can induce plant resistance against Xoo and RRKN (Wu et al., 2015; Cheng et 
al., 2016; Haidary et al., 2018, Xie et al., 2018; Khan et al., 2008; Cheng et al., 2017). In those 
studies, there was a reduction of Xoo or RRKN infection on the plant inoculated with specific 
beneficial bacterial strains. Our study indicated that bacterial strains may adversely affect above- 
and below-ground rice pathogen directly and/or indirectly. Kyndt et al. (2017) showed that RRKN 
pre-exposed rice was susceptible to Pyricularia oryzae (pathogen of blast disease). It will be 
interesting to study how the beneficial bacteria manipulate the plant response in the duo attack 
of Xoo and RRKN.  
The RNA-Seq data analysis suggested that In-b-17 and In-b-590 might prime cell-wall related 
genes. Xyloglucan plays an important role in the cell wall properties of plants (Maris et al., 2009; 
Hara et al., 2013). Maris et al. (2009) proposed that strengthening the side-walls of root hairs and 
cell walls in the root differentiation zone might be due to xyloglucan 
endotransglucosylase/hydrolase function. However, the function of xyloglucan 
endotransglucosylase/hydrolase to cell-wall properties is unclear in rice (Hara et al., 2013).  
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Another possibility is that In-b-17 and In-b-590 primed to reinforce the epidermis which is 
an essential physical barrier for plant defense against pathogens and herbivores (Lolle and Pruitt, 
1999; Yeats and Rose, 2013). Tanaka et al. (2001) indicated that a putative protease similar to 
subtilisin-like serine protease played important roles in epidermal surface formation in 
Arabidopsis embryos and young plants. This implies that subtilisin-like serine proteases might be 
necessary for plant immunity against pathogens. There was evidence to demonstrate that 
subtilisin-like serine proteases helped plants, mostly Arabidopsis, recognize pathogens and 
primed the plant immunity during pathogen attacks (Figueiredo et al., 2014). However, the 
function of subtilisin-like serine proteases in rice against pathogens and pests are not well-
documented.  
Lignin is essential for plant cell walls, stem strengths and pathogen and pest resistance (Lu 
et al., 2013). Many studies have shown the plant laccases were involved in lignification of cell 
walls in different plant species such as Arabidopsis, Populus trichocarpa, Populus deltoides (Bryan 
et al., 2016; Ranocha et al., 2012; Yu et al., 2017). However, the laccase function in rice has yet 
to be investigated.  
Conclusion 
This study described different strategies that beneficial bacteria might employ to antagonize 
above- and below-ground rice pathogens via direct and indirect effects. Through RNA-Seq data 
analysis of beneficial bacterial treated rice, we hypothesize that beneficial bacteria primed the 
cell-wall related genes to strengthen the plant cell walls against above- and below-ground rice 





















Table 4.1. List of primers used to detect the presence or absence of antimicrobial peptide genes  
Bacterium Code Antimicrobial 
genes 
Sequence (5' --> 3') Product size 
(bp) 
Bacillus sp. fenD-F Fengycin GGCCCGTTCTCTAAATCCAT 269 
fenD-R GTCATGCTGACGAGAGCAAA 
bmyB-F Bacyllomicin GAATCCCGTTGTTCTCCAAA 370 
bmyB-R GCGGGTATTGAATGCTTGTT 
ituC-F Iturin GGCTGCTGCAGATGCTTTAT 423 
ituC-R TCGCAGATAATCGCAGTGAG 
srfAA-F Surfactin TCGGGACAGGAAGACATCAT 201 
srfAA-R CCACTCAAACGGATAATCCTGA 
bacA-F Bacylisin CAGCTCATGGGAATGCTTTT 498 
bacA-R CTCGGTCCTGAAGGGACAAG 
spaS-F Subtilin GGTTTGTTGGATGGAGCTGT 375 
spaS-R GCAAGGAGTCAGAGCAAGGT 
Paenibacillus sp. PmxA-F Polymyxin 
(Cluster 
genes) 
TAACGTTTTCACCCCATTGG   
PmxA-R GGGAGCTTGGAGCTTTGCTG 
PmxB-F TCCACAACTCGAGCTAAGCC   
PmxB-R ACTTACCGCTCCAGTACTGTTC 
PmxC-F GAACAAGTCAAGCGGCAGATC   
PmxC-R CTTTCACTTGCGAGAGCCATC 
PmxD-F CAGGAATTTACCGAGTCTGCC   
PmxD-R GTCGCATTCGCAAGCAGGAAG 
PmxE-F GAGCGGCTGAAACGTCAGGAAGCC   
PmxE-R CTGCTTCGCCTGTATGATTGTC 






























   
 
Table 4.2. Summary of raw read sequences and sequence length of RNA-seq  
Treatment Total sequence Sequence length (bp) 
Control 25,727,209 100 
In-b-17 25,939,121 100 
In-b-590 25,854,962 100 
B. amyloliquefaciens 25,751,131 100 
























































b b b 
Figure 4.1. The in vitro direct antagonism of four bacterial strains against Xanthomonas 
oryzae pv. oryzae in co-culture trials. Mean of inhibition zone (mm) ± SEM. Different 
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Figure 4.2. The in vitro direct antagonism of four bacterial strains against rice root-
knot nematode J2s. Mean of J2 mortality (%) ± SEM. Different letters above bars 































16S fengycin iturin-C polymyxin-C 
1 2 3 1 2 3 1 2 3 1 2 3 
Figure 4.3. Gel electrophoresis illustrates the presence or absence of antimicrobial 
peptide genes in In-b-17 and B. amyloliquefaciens. (1): In-b-17; (2): B. amyloliquefaciens; 






















































a c c 
Figure 4.4. The inhibitory effect of bacterial volatiles on Xanthomonas oryzae pv. 
oryzae growth in vitro. Mean of growth zone (mm) ± SEM. Different letters above 
bars are statistically different based on Tukey’s HSD test (P ≤ 0.05). Xanthomonas 
oryzae pv. oryzae growth under In-b-17 and In-b-590 volatiles from chapter 3 
were used to make a comparison with Xanthomonas oryzae pv. oryzae growth 
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Figure 4.5. The mortality of rice root-knot nematode J2s after three days 
exposure to bacterial volatiles in vitro. Mean of J2 mortality (%) ± SEM. Different 
letters above bars are statistically different based on Tukey’s HSD test (P ≤ 0.05). 
J2 mortality caused by In-b-17 and In-b-590 volatiles from chapter 3 were used 
to make a comparison with J2 mortality caused by Bacillus amyloliquefaciens and 






























Figure 4.6. Reduction of lesion lengths caused by Xanthomonas oryzae pv. oryzae on rice 
leaves pre-inoculated rice with bacterial strains (A) and pre-exposed Xanthomonas oryzae 
pv. oryzae with bacterial strains (B). Mean of lesion length (cm) ± SEM. Different symbols 
above bars indicate statistical significance based on Dunnnett’s test (P ≤ 0.05, ** and *** 












































































Figure 4.7. Mean of number of galls/root system ± SEM (A) and mean of infected 
J2s/root system ± SEM (B) in pre-inoculated rice with bacterial strains in planta. 
Different symbols above bars indicated statistical significance based on Dunnnett’s 

























































Figure 4.8. Mean of number of galls/root system ± SEM (A) and mean of infected 
J2s/root system ± SEM (B) in pre-exposed rice root-knot nematode J2s with 
bacterial strains in planta. Different symbols above bars indicated statistical 
significance based on Dunnnett’s test (P ≤ 0.05, ** and *** indicate P < 0.01 and 
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Figure 4.9. Lesion lengths caused by Xanthomonas oryzae pv. oryzae on leaves of 
Taichung Native 1 and Kitaake soaked in four bacterial strains in the growth chamber. 
Mean of lesion lengths (cm) ± SEM. Different symbols above bars indicated statistical 























































































Figure 4.10. An example of FASTQC visualization of the sequence quality. Per 
base sequence quality of paired-end read (A) and (B) indicate the correctness 
of each base call in the raw read sequence (100 basepair) and represented by 
Phred quality score on the Y-axis. The higher the score the better the base 
call. Per base sequence content of paired-end read (C) and (D) illustrates the 
percentage content of each base called in the raw read sequence. Lines 






























  Figure 4.11. Venn diagram illustrates differentially expressed genes in plants 
treated with In-b-17 (A), In-b-590 (B), Bacillus amyloliquefaciens (C) and 















Figure 4.12. Overview of MapMan biotic stress pathway to illustrate differentially 
expressed genes were upregulated (blue) or downregulated (red) in plants treated with 
















Figure 4.13. Overview of MapMan biotic stress pathway to illustrate the unique 



























Figure 4.14. Overview of MapMan biotic stress pathway to illustrate the unique 
differentially expressed genes were upregulated (blue) or downregulated in plants 
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POST-EMBRYONIC VENTRAL NERVE CORD DEVELOPMENT AND GONAD MIGRATION IN 
STEINERNEMA CARPOCAPSAE 
(Bui and Schroeder. 2018. Journal of Nematology) 
Abstract  
Steinernema carpocapsae is an entomopathogenic nematode widely studied for its 
properties as a biocontrol agent in insect pest management and as a model for understanding 
bacterial symbioses. Less attention has been given to the development of specific anatomical 
structures within S. carpocapsae. A better understanding of entomopathogenic nematode 
development and anatomy may lead to improved biocontrol efficacy. We recently demonstrated 
that the neuroanatomy of S. carpocapsae IJs differs from the dauer stage of Caenorhabditis 
elegans. Here, we used in vitro cultures of S. carpocapsae to examine the early development of 
the ventral nerve cord. Similar to C. elegans, S. carpocapsae hatches as a J1 with a ventral nerve 
cord containing only a fraction of the neurons found in later developmental stages. During J1 
development, S. carpocapsae adds additional cells to the ventral nerve cord to establish the 
complete set of neurons. During our examination of the ventral nerve cord, we also noted 
variable gonad arm development among S. carpocapsae individuals. Using synchronized in vitro 
cultures, we found that the gonad migration pattern in S. carpocapsae was distinct from both C. 
elegans and the Diplogaster nematode Pristionchus pacificus. The S. carpocapsae gonad arm 
migration was highly variable. 
Keywords: Entomopathogenic nematode, DAPI, DIC, retrovesicular ganglion, preanal 
ganglion, distal tip cell, vulva. 
Introduction 
Steinernema spp. are entomopathogenic nematodes used for the control of insect pests and 
for the study of bacterial symbiosis (Mandel, 2010; Lacey and Georgis, 2012). While the general 
life cycle of Steinernema species is well established, their post-embryonic development has 
received little attention. As part of a comparative study, we recently demonstrated that the 
ventral nerve cord (VNC) of the infective juvenile (IJ) stage of S. carpocapsae and S. feltiae 
differed substantially from the dauer stage of Caenorhabditis elegans (Han et al., 2016).  
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The VNC of C. elegans comprises a linear series of 57 motor neurons that synapse to the 
majority of the body wall muscles. The VNC is bound at the anterior end by the retrovesicular 
ganglion (RVG) and at the posterior end by the preanal ganglion (PAG), each of which contains 
additional motor neurons (Sulston, 1976; White et al., 1976). We previously found that IJs of both 
S. carpocapsae and S. feltiae contain approximately 20 more putative neurons in the VNC than C. 
elegans (Han et al., 2016). 
The development of the VNC in C. elegans is well described. C. elegans hatches as a J1 with 
only 15 VNC neurons. During J1 development, a series of subventral precursor cells migrate into 
the VNC and divide to form the remainder of the VNC. By late-J2, C. elegans hermaphrodites have 
completed VNC development (Sulston, 1976; Sulston and Horvitz, 1977). In our previous study, 
we found diversity in the timing of VNC development among select species (Han et al., 2016). 
However, the development of the VNC in Steinernema was not explored.  
The initial objective of this study was to describe the development of the VNC in S. 
carpocapase during post-embryonic development. However, during the course of our 
observations we also noted divergence in gonad arm morphology between C. elegans and S. 
carpocapsae. The gonads of C. elegans hermaphrodites and males undergo stereotypical 
outgrowth that is under strict genetic control (Kimble and Hirsh, 1979; Antebi et al., 1997). To 
better illustrate the differences in gonad arm migration between S. carpocapsae and C. elegans, 
we conducted a time-series analysis of gonad development in S. carpocapsae grown on a 
Xenorhabdus nematophila bacterial culture. Our data suggests that while neurodevelopmental 
timing is conserved between C. elegans and S. carpocapsae, gonad arm migration has diverged 
between these species. Furthermore, we found substantial diversity in gonad arm migration 
patterns among S. carpocapsae adults. 
Materials and Methods 
S. carpocapsae (gift from A. Koppenhöfer, Rutgers University) were maintained on greater 
wax worm larvae Galleria mellonella (Carolina Biological Supply Company, Burlington, NC, USA) 
(Kaya and Stock, 1997). IJs were collected using the modified White trap method (Orozco et al., 
2014). An in vitro culture of S. carpocapsae was established based on modification of previous 
methods (Volgyi et al., 1998). Briefly, ten IJs were surface sterilized by rapid immersion in 95% 
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ethanol. IJs were then immediately transferred to 20 µL of LB broth in a sterile Petri dish and cut 
open under a dissecting microscope with a sterile hypodermic needle to release the X. 
nematophila endosymbiotic bacteria. The LB broth containing bacteria was pipetted into 100 mL 
of LB broth and incubated overnight at 28°C on a shaker at 200 rpm. 100 µL of bacterial culture 
was aliquoted onto lipid agar (16 g nutrient broth, 5 g yeast extract, 5 g commercial vegetable 
oil, 15 g agar, 15 mM NaPO4 buffer [pH7.0], 1 L H2O) and incubated at 25°C in the dark for 24 – 
48h. Approximately 100 IJs were transferred to plates with a thick bacterial lawn and incubated 
at 25°C in the dark (Volgyi et al., 1998). After 3-4 days, IJs had recovered and developed to egg-
laying adults. Eggs were transferred to fresh lipid agar plates with X. nematophila and incubated 
at 25°C in the dark. Nematodes were picked at specific time-points after transferring eggs. 
Developmental stages were estimated based on the length and width of animals, the morphology 
of sexual structures, and a previously established developmental timeline in liquid culture (Hirao 
et al. 2010).  
To examine the VNC of S. carpocapsae, specific developmental stages were collected from 
lipid agar plates and washed three times with phosphate buffered saline with 0.1% Triton X-100 
(PBST) to remove excess X. nematophila. Nematodes were fixed in 1% formaldehyde on ice for 
one hour followed by methanol on ice for two minutes. Fixed nematodes were washed three 
times in PBST and then incubated in 0.2 – 0.5 µg/mL of 4’, 6–diamidino–2–phenylindole (DAPI, 
Life Technologies, Carlsbad, CA, USA) for 30-60 minutes (Duerr, 2006). Approximately 50 
nematodes at each developmental stage were examined with fluorescence microscopy. Z-stack 
images were captured using a Zeiss Axiocam. VNC neuronal nuclei were identified by their small 
compact shape (Sulston, 1976; Han et al., 2016). The number of VNC neurons was counted from 
immediately posterior of the RVG to immediately anterior of the PAG (Han et al., 2016).  
To examine gonad development, nematodes were picked onto microscope slides prepared 
with flattened agar pads made from  6.25% Noble agar in Ringer’s solution (100 mM NaCl, 1.8 
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES pH 6.9) (Sulston, 1976; Ciche and Sternberg, 
2007) and 10 mM levamisole and examined with Differential Interference Contrast (DIC) optics 
on a Zeiss AxioImager microscope at 100x magnification at 5, 9, 25, 33, 40, 44, 54, 72 and 96 
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hours after introducing eggs on bacterial plates. At least 20 nematodes were examined at each 
time point. Z-stacks were captured with a Zeiss Axiocam.  
The length and width of nematodes were measured by ImageJ. Multiple images were 
stitched using the ImageJ pairwise stitching plugin (Preibisch et al., 2009). Color overlays of 
stitched images were created in Photoshop. 
Results and Discussion 
The in vitro development of S. carpocapsae on lipid agar proceeded at a similar rate as 
recently shown in monoxenic liquid culture (Hirao et al., 2010). Using this timeline, we examined 
the VNC in DAPI stained animals at each developmental stage. The VNC of J1 S. carpocapsae 
contained 19 VNC neuronal-like nuclei, while J2 S. carpocapsae contained 69 VNC neuronal-like 
nuclei (Table 5. 1 and Fig. 5. 1). J3s increased in size, but showed only slightly more VNC nuclei 
(76 VNC) than in J2s (Table 1). These data suggest that S. carpocapsae has a similar VNC 
developmental time-line as C. elegans. Due to issues with fixation in later developmental stages, 
we were not able to confidently quantify the number of nuclei in J4 and adult nematodes.  
During the course of examining the VNC, we observed obvious differences in the morphology 
of the female gonad in S. carpocapsae compared to the well-characterized C. elegans gonad. To 
verify our observations, we examined 28 live adult females 72 hours after egg transfer (HET) with 
DIC microscopy. At this time point, the vulva was completely formed and the gonad had 
differentiated into a uterus, spermathecal-uterine complex and ovaries (Zograf et al., 2008). 
However, with the exception of one nematode, 72 HET S. carpocapsae females did not contain 
fertilized embryos, which limited the transparency of older adult females.  
As observed in fixed animals, the gonad morphology of 72 HET S. carpocapsae females 
differed from C. elegans hermaphrodites. C. elegans hermaphrodites have a u-shaped gonad 
consisting of a proximal component that extends away from the mid-body along the ventral body 
wall followed by a sharp turn towards the dorsal body wall. During J4, the C. elegans 
hermaphrodite gonad completes migration by extending along the dorsal wall to the mid-body 
(Fig. 5. 2A) (Kimble and Hirsch, 1979; Antebi et al., 1997).  
The S. carpocapsae adult female gonad migration pattern has diverged substantially from C. 
elegans (Fig. 5. 2B,C). The proximal S. carpocapsae female gonad, comprising the uterus extended 
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briefly along the ventral wall before wrapping around the intestine to the dorsal wall. The 
anterior arm typically wrapped around the right side of the intestine while the posterior arm 
wrapped around the left side of the intestine. Upon reaching the dorsal wall, the anterior arm 
extended anteriorly along the dorsal wall while the posterior arm extended posteriorly along the 
dorsal wall. After 640 – 1200 µm, the gonad made a U-turn and immediately extended back along 
the dorsal wall in the opposite direction (i.e. the anterior arm migrates posteriorly while the 
posterior arm migrates anteriorly). After migrating back to the mid-body, the gonad again 
extended towards the ventral wall. The distal end of the gonad was capped with a single cell that 
appears similar to the C. elegans distal tip cell (DTC). Due to the larger body size and the presence 
of fertilized eggs, which obscured the optical clarity, we could not accurately trace the full gonad 
migration pattern in most 96 HET nematodes. However, a partial tracing of the gonad in several 
96 HET females suggests a similar pattern as in 72 HET nematodes. The spermatheca-uterine 
complex (Zograf et al., 2008) of 96 HET females was located at the reflexed end of the gonad 
adjacent to the dorsal wall (Fig. 5. 3). One difference between 72 and 96 HET nematodes is the 
greater extent of the ovary. In 72 HET nematodes, the DTC of each gonad arm typically only 
extends back to the mid-body, near the transverse plane of the vulva (Fig. 5. 2). However, in 96 
HET nematodes the DTC of each gonad arm is found in the opposite field beyond the mid-body 
(i.e. the anterior gonad arm extends its ovary posterior of the vulva) (Fig. 5. 3). While our data 
suggests a standard gonad phenotype among S. carpocapsae females, we recorded substantial 
variability in the gonad migration pattern among 72 HET females (Fig. 5. 4). Among females with 
atypical gonad migrations, the anterior and posterior arms were not always identical suggesting 
that the posterior and anterior arms can migrate independently.  
We further characterized gonad development in S. carpocapsae by examining nematodes at 
earlier time points following egg transfer. Within 5 HET (n=27), J1s began to hatch. Similar to C. 
elegans, the gonad of newly hatched S. carpocapsae contained four nuclei with two central larger 
nuclei and two smaller cap nuclei that are likely homologous to the Z2,Z3 and Z1,Z4 cells in C. 
elegans, respectively (Fig. 5. 5A) (Kimble and Hirsh, 1979). Similar to C. elegans, this early gonad 
crossed the ventral midline (Kimble and Hirsh, 1979). By 25 HET (n=20), the number of nuclei in 
the J2 gonad had noticeably increased and elongated along the ventral body wall (Fig. 5. 5B). At 
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33 HET (n=24), the gonad reached the dorsal surface (Fig. 5. 5C). Between 44 HET (n=20) and 54 
HET (n=40), we observed an expansion of the J4 gonad along the dorsal surface (Fig. 5. 5D,E). 
Interestingly, we did not observe the distal end of the gonad ever pointing away from the mid-
body as would be expected based on our observations at 72 HET. Rather than a continual 
“pulling” of the gonad from the distal tip cell, as seen in C. elegans, our observations may imply 
that outgrowth of the gonad can occur from more proximal locations. To confirm this 
observation, we attempted to perform time-lapse imaging of S. carpocapsae as previously 
demonstrated for C. elegans. However, all of our attempts at live time-lapse imaging on a 
microscope slide were unsuccessful.  
The gonad morphology of most S. carpocapsae males is very similar to that seen in P. 
pacificus and C. elegans (Kimble and Hirsh, 1979; Hubbard and Greenstein, 2005; Rudel et al., 
2005). The male gonad extends anteriorly from the mid-body along the ventral wall and then 
turns towards the dorsal wall. Upon reaching the dorsal wall, the male gonad extends posteriorly 
towards the spicules (Fig. 5. 6A). Similar to the variability in females, we observed a variable male 
gonad migration pattern in 30% (n=51) of males wherein the gonad never migrates to the dorsal 
side (Fig. 5. 6B).  
The postembryonic development of most nematodes has not been studied in detail. The 
development of endoparasitic nematode species are particularly challenging to record within 
their host. However, our in vitro data suggests that while S. carpocapsae utilizes similar timing 
for the development of its nervous system, the migration of the gonad has diverged from the 
nematodes C. elegans and P. pacificus. Gonad arm migration in C. elegans is under strict genetic 
control. It will be interesting to determine if homologous genes function in S. carpocapsae to 
regulate gonad arm migration.   
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Table and Figures 
Table 5.1. Ventral cord neurons of J1, J2 and J3 stage of S.carpocapsae 
Stage VNC neuron nuclei 
mean (range) 
n 
J1 19 (16-21) 50 
J2 69 (50-76) 50 















Figure 5.1. Lateral left view (anterior to left) fluorescent micrographs of J2 (top) and J1 (bottom) 
S. carpocapsae following DAPI staining. The VNC comprises a series of putative neurons 
extending from the retrovesicular ganglion (RVG) (arrowhead) to the preanal ganglion (PAG) 
(arrow) along the ventral edge of the animal. Between J1 and J2 there is a large increase in the 













Figure 5.2. Cartoons of C. elegans (A) and S. carpocapsae (B) gonads and lateral left view (anterior 
to left) micrograph of posterior S. carpocapsae gonad arm (C): DIC alone (top); DIC color overlay 
(bottom). Unlike C. elegans, which undergoes stereotypical development to a ‘U-shaped’ gonad, 
the most common S. carpocapsae gonad shape does not include extensive migration along the 
ventral wall.  As shown in the stitched DIC micrograph (C) (top) and with transparent color overlay 
(bottom), the gonad extends from the central region of the animal near the vulva (position 
indicated with straight arrow) and immediately extends to the dorsal side where it extends away 
from the mid-body. It eventually makes a u-turn (curved arrow) and then extends along the 
dorsal wall back to the mid-body where it then migrates back to the ventral wall. The posterior 
gonad arm typically wraps around the left side of the intestine, while the anterior arm typically 
wraps around the right side of the intestine. The proximal end of the gonad, including the uterus 
and spermathecal-uterine complex, is colored red. The distal end of the gonad following the turn 
















Figure 5.3. Lateral left view (anterior to left) DIC micrograph (top) and with transparent color 
overlay (bottom) of a 96 HET female S. carpocapsae gonad posterior arm. The gonad morphology 
at 96 HET is similar to that seen at 72 HET. However, by 96 HET numerous fertilized embryos are 
seen in the uterus (red). The spermathecal-uterine complex (green) is located at the farthest 
point away from the mid-body and contains a single oocyte (inset) surrounded by numerous 
sperm (arrowhead). The ovary (blue) is much longer than in 72 HET females, frequently extending 
beyond the mid-body plane. In this image, the distal tip cell of the anterior gonad arm (arrow) 







Figure 5.4. Cartoon depicting the variability in the gonad migration pattern among 72 HET S. 
carpocapsae females that deviate from the most common phenotype seen in figure 2C.  Numbers 










Figure 5.5. Lateral left views (anterior to left) of female gonad (red overlay) development in S. 
carpocapsae at various time points. The gonad of newly hatched S. carpocapsae (A) contained 
four nuclei with two central larger nuclei and two smaller cap nuclei. By 25 HET (B), the number 
of nuclei in the gonad noticeably increased and began elongating along the ventral body wall. At 
33 HET (C), the gonad extended toward the dorsal surface. Between 44 HET (D) and 54 HET (E), 
we observed an expansion of the gonad along the dorsal surface. Note that the anterior arm 
typically wraps around the right side of the intestine and is out of frame at this focal plane, while 






Figure 5.6. Lateral right (A) and left (B) views of gonad (red) morphology in male S. carpocapsae 
at 72 HET. In most males (A), the gonad migration pattern is similar to C. elegans. However, 30% 
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CONCLUSION AND FUTURE DIRECTION 
 
Beneficial microbes have been well-documented as biocontrol tools for the control of 
pathogens and pests sustainable and ecologically friendly (Pal and Gardener, 2006). The 
mechanisms of induced systemic resistance by beneficial microbes against insect herbivores and 
pathogens have been intensively studied in dicots (Bent 2006; Choudhary et al., 2007; Van Loon 
et al., 2007). However, it is unclear if similar mechanisms apply to economically important 
monocots such as rice (Balmer et al., 2012). In this study (Chapter 2), the results indicated that 
beneficial bacterial strains might potentially be used for the biocontrol of rice pathogens and 
pests. Although the results were inconsistent among trials and experiments, there were three 
beneficial bacterial strains (In-b-17 (Bacillus sp.), In-b-590 (Paenibacillus sp.) and G266 
(Xanthomonas sp.)) that could be used for studies of plant-microbe-pathogen or pest interaction 
aimed at understanding the mechanisms of beneficial microbes against rice pathogens and pests. 
Microbial volatile compounds, a group of secondary metabolites produced by microbes, 
have been overlooked (Schulz-Bohm et al., 2017). The effect of volatile compounds on 
pathogens, pests and rice phytotoxicity are underexplored. Results in Chapter 3 demonstrated 
that bacterial volatile compounds were rapidly toxic to J2 RRKNs in vitro and reduced J2s infection 
in planta. Also, bacterial volatiles inhibited Xoo growth and rice germination and shortened the 
seedling growth parameters in vitro; however, none of these inhibitory effects occurred in planta. 
A possible explanation may be the experimental setup that made bacterial volatile compounds 
more concentrated in vitro than in planta experiments. It would be informative to identify 
bacterial volatile profiles by Gas Chromatography - Mass Spectrometry. Based on the 
identification, an investigation of the effects of available commercial chemicals could be 
conducted to test whether the lethality of bacterial volatiles is specific to an individual compound 
or a blend of compounds. Other studies can be conducted to optimize the conditions for maximal 
volatile emission from bacteria e.g. artificial growth media, temperatures, pH, growth time. The 
effects of bacterial volatile compounds on plant immunity against rice pathogens and pests are 
interesting to study. Developing techniques to collect bacterial volatiles as fumigants may be 
practical for future field applications.  
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The potential mechanisms of bacterial volatile compounds action against bacterial 
pathogens and plant-parasitic nematodes are also intriguing. Cheng et al. (2017) hypothesized 
that volatile compounds might affect the nervous system, the intestine tract, the stylet or the 
cuticle permeability causing the nematode death. Also, Xie et al. (2018) showed that volatile 
compounds adversely affected Xoo mobility and virulence. More research on how volatile 
compounds cause the adverse effects on pathogens and plant-parasitic nematodes is needed. 
The study of pathogen and plant-parasitic nematode gene expressions (RNA-Seq) following 
exposure to volatile compounds may provide into the specific targets and effects of volatile 
compounds on pathogens and plant-parasitic nematodes.  
Mechanisms of biocontrol agents against pathogens and pests are well-documented in the 
literature, mostly on the dicot plants (Bent 2006; Choudhary et al., 2007; Van Loon et al., 2007; 
and Ali et al., 2015). The mechanism of induced systemic resistance in monocot plants associated 
with beneficial microbes such as rice is not well-understood (Balmer et al., 2012). The results in 
Chapter 4 suggested that beneficial bacterial strains such as Bacillus sp. and Paenibacillus sp. 
might impact pathogens or pests in several ways through direct and indirect effects to control 
above- and below-ground rice pathogens (specifically Xanthomonas oryzae pv. oryzae and 
Meloidogyne graminicola). The results of RNA-Seq analysis suggested a general effect of 
beneficial bacteria on rice may be to prime cell-wall related genes to reinforce the plant cell walls 
as the first barrier against pathogen attacks. It would be interesting to do additional studies of 
how beneficial bacteria treated rice responds under pathogen infection. By understanding this 
process, we can, later on, apply mutant rice to have the evidence which assists the insight 
knowledge of mechanistic effects of beneficial microbes on rice against pathogens and pests. 
Also we can transfer the knowledge to a breeding program to create resistant varieties. 
Knowledge of the nervous system and gonad development of insect-parasitic nematodes is 
not well-documented compared to the model nematode, C. elegans. For the first time, the 
postembryonic VNC development of Steinernema carpocapsae was documented in Chapter 5. 
Also, the gonad migration variation of this nematode species was described. Whether similar 
variation in gonad morphology is common in entomopathogenic nematodes remains to be 
investigated. It is important to study the mechanisms which control the morphological variation 
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and demelopment of the gonad of entomopathogenic nematodes. Understanding this process 
can potentially improve production of large numbers of entomopathogenic nematodes for the 
biocontrol of insects more efficiently.  
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APPENDIX A  



















































































































































































BROWN PLANTHOPPER PREFERRED RICE TREATED WITH PAENIBACILLUS SP.  
Introduction 
Plants encounter different biotic threats in nature and may consequently develop specific 
defenses against the biotic attacks (Sun et al., 2016). Plant-associated microbes can directly or 
indirectly induce plant resistance to the attack of pathogens and pests (Rashid and Chung, 2017). 
Among indirect effects, microbe-associated plants emit herbivore-induced plant volatiles that 
attracts herbivore natural enemies (Pangesti et al., 2015). For instance, Arabidopsis treated with 
Pseudomonas fluorescens WCS417r attracted more parasitoids (Microplitis mediator) of the 
caterpillar (Mamestra brassicae) than the control plants. As a result, the attack of the herbivore 
was reduced (Pangesti et al., 2015). Also, some microbial volatiles may be a repellent to 
herbivores. The biological activity of volatile metabolites like styrene from Penicillium expansum 
(isolated from feces and frass of Hylobius abietis) significantly reduced male and female pine 
weevils’ attraction to cut pieces of Scots pine twigs (Azeem et al., 2013). Also, some studies have 
shown that plants infected by pathogenic microbes were more attractive to insects (Mann et al., 
2012. Ingwell et al., 2012).  
The herbivore-induced plant volatiles play important roles in plant defense as repellents of 
insects or as attractants of natural enemies (Dicke et al., 2009; War et al., 2011). However, the 
effect of beneficial microbes on productions of herbivore-induced plant volatiles as repellents or 
attractants to rice insects is not well-studied. Therefore, we tested the attractiveness/repellence 
of three putatively beneficial bacteria (Bacillus sp., Paenibacillus sp. and Xanthomonas sp. on 
brown planthopper (BPH), a severe devastating pest of rice. 
Materials and Methods 
Effects of the three potential beneficial bacteria on BPH food preference: Three beneficial 
bacteria (Bacillus sp. (In-b-17), Paenibacillus sp. (In-b-590) and Xanthomonas sp.) were used for 
the experiment. Seven-day-old rice seedlings (variety “TN1”) were transplanted to 11-cm 
diameter pots with two seedlings per pot and placed in the greenhouse until 4-weeks old. Rice 
plants were then brought to the Entomology laboratory, IRRI, Los Banos, the Philippines to 
conduct the experiment. The experiment was conducted in a completely randomized design 
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(CRD) with ten replicates per treatment with one Mylar “H” shaped cage as a replicate (two pot 
per setup). The treatments were: (1) control versus control; (2) control versus Bacillus sp.; (3) 
control versus Paenibacillus sp.; (4) control versus Xanthomonas sp. Before I confined rice plant 
in Mylar “H” shaped cage, I sprayed rice with a bacterial suspension to the runoff point 
(treatment plants) or distilled water (control plants) for one hour. We also switched the direction 
in each “H” shaped setup to discard the possible effect of direction in the experiment. Twenty 
newly emerged BPH females were released in the middle pipe of each “H” shaped cage.  
Data collection: we counted numbers of BPH presence in each pot of the “H” shape setup at 
1 and 6 days after treatment. All the BPH in the middle were considered as non-responding 
insects and excluded out of the data analysis. 
Validation test: After the above experiment, Paenibacillus sp. treated rice shown potential 
attractiveness to BPH. We conducted another experiment as described above. In this experiment, 
we added another treatment to test whether the attractive effect was from the Paenibacillus sp. 
itself or the association of rice and Paenibacillus sp. There were three treatments as following: 
(1) control versus control; (2) control versus Paenibacillus sp.; (3) TSA plate without bacterial lawn 
versus TSA plate with bacterial lawn. Data collection was the same as mentioned above. 
Statistical analysis: PROC GENMOD were used to analyzed the data with the determination 
of P ≤ 0.05 in SAS University Edition (SAS Institute Inc., Cary, NC) (Ingwell et al., 2012). 
Results and Discussion 
BPH preferred rice treated with Paenibacillus sp. 
There was no preference of BPH for rice plants control versus control treatment. The same 
trends were found for control versus Bacillus sp. and control versus Xanthomonas sp. 
Remarkably, the number of BPH on rice treated with Paenibacillus sp. was significantly different 
from the control (Fig. 1). I did a further experiment to validate this observation. In the validation 
test, we also added additional treatments to test whether the BPH attractiveness came from 
Paenibacillus sp. itself.  The results shown that the proportion of BPH on the treatment control 
versus control and TSA plate without bacterial lawn versus TSA plate with bacterial lawn did not 
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significantly differ as before. The BPH preferred feeding on rice treated with Paenibacillus sp. 
over untreated control plants (Fig. 2). 
Microbial volatiles as insect repellents or attractants have been tested (Burkepile et al., 2006; 
Chaudhury et al., 2010; Ma et al., 2012; Tomberlin et al., 2012). Studies have shown that 
phytopathogen-infected plants were more attractive to insect herbivores than non-infected 
plants. For instance, Mann et al., 2012 showed that Candidatus liberibacter asiaticus infected 
plants were more attractive to the psyllid (Diaphorina citri Kuwayama) than non-infected plants. 
Similarly, Ingwell et al., 2012 demonstrated that virus-uninfected aphids (Rhopalosiphum padi) 
preferred Barley yellow dwarf virus-infected wheat than uninfected wheat. Interestingly, we 
found that Paenibacillus-associated rice was more attractive to BPH. Also, this attraction was not 
from Paenibacillus sp. itself but from the association of rice and Paenibacillus sp. One explanation 
is that Paenibacillus sp. may alter the plant volatiles to be attractive to BPH. However, more 

























































































































































































Figure B.1. The proportion ± SEM of BPH showing a preference in comparisons 
between (A): control versus control; (B): control versus Bacillus sp.; (C): control 
versus Paenibacillus sp.; (D): control versus Xanthomonas sp. ns: non-significance; 
*: significant at P ≤ 0.1 





















































































































































































Figure B.2. The proportion ± SEM of BPH showing a preference in comparisons 
between (A): TSA plate with bacterial lawn versus TSA plate without bacterial lawn; 
(B): control versus control; (C): control versus Paenibacillus sp. ns: non-significance; 
*: significant at P ≤ 0.05 
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EFFECT OF PHYTOCHEMICALS ON EGG-HATCH AND SECOND-STAGE  
JUVENILES MORTALITY OF ROOT-KNOT NEMATODES 
Introduction 
Root-knot nematodes (Meloidogyne spp.) are the most destructive plant-parasitic 
nematodes due to their ability to parasitize almost every vascular plant species and cause high 
yield losses in many crop plants (Jones et al., 2013; Wesemael et al., 2011). In addition, the 
disease caused by root-knot nematodes together with other soil-borne pathogens such as 
Fusarium wilt, Rhizoctonia solani and Thielaviopsis basicola created even more damage to crop 
plants (Moens et al., 2009). Nematicide application is an effective way to manage Meloidogyne 
sp. but adversely affects the ecosystem and human health (Khan et al., 2012). Therefore, there is 
a need to develop a new generation of nematicides which are less toxic to the ecosystem and 
human health. 
Phytochemicals including salicylic, ferulic and jasmonic acid may potentially be repellent or 
nematicidal to plant-parasitic nematodes (Wuyts et al., 2006). The familiar application of 
phytochemicals is done to induce plant defense (Fleming et al., 2017). Very few research studies 
have evaluated the direct effect of phytochemicals on plant parasitic nematodes. Some studies 
showed that phytochemicals were toxic or repellent to  M. incognita J2s in vitro (Wuyts et al., 
2006; Schouteden et al., 2017). However, the effect of phytochemicals on Meloidogyne spp. egg 
hatch has not not intensively studied. In this study, I tested the inhibitory effect of 
phytochemicals on M. incognita egg hatch. I also tested the dose-response of salicylic acid on M. 
incognita and M. hapla egg hatch. Finally, the lethality of salicylic acid to M. incognita J2s was 
investigated. 
Materials and Methods 
Culture: M. incognita and M. hapla were grown on Rutger tomato in plastic pots with sandy 
loam soil in the greenhouse. Eggs and J2s were collected as described by Atamian et al. (2012).  
Phytochemical preparation: Ferrulic, jasmonic, and salicylic acid were prepared with the 
concentration of 0.5 µg/mL, 250 µg/mL and 250 µg/mL respectively. Levamisol (0.1 M) and water 
were used as negative and positive control.  
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Effect of phytochemicals on egg hatching of M. incognita: I added 1 mL of each 
phytochemical in each well of the 24-well plates and then added 100 eggs of M. incognita per 
well. Plates were kept in the dark at room temperature. Hatched J2s were counted daily until 
hatched J2s did not change in the positive control (H2O). Data analysis was performed by PROC 
MIXED for repeated measures with a compound symmetry covariance structure (Wolfinger and 
Chang, 1998) and Tukey HSD posthoc test was used to compare treatment means with P ≤ 0.05. 
The experiment was conducted twice as a completely randomized design with four replicates per 
treatment.  
Salicylic acid dose-response on egg hatching and J2s mortality of M. incognita and M. hapla: A 
series of salicylic acid concentrations was prepared with 0, 50, 100, 200, 250, 300, 400, and 500 
µg/mL. I added 1 mL of each concentration in each well of the 24-well plates and then added 100 
eggs or J2s of M. incognita and M. hapla. These plates were kept in the dark at room temperature. 
Hatched J2s were recorded as mentioned. Immobile J2s were recorded as they did not move 
after a physical stimulation. Inhibitory egg hatch/immobile concentration (IEHC50 /IC50) at which 
50% of the eggs or J2s were not hatched or immobile was calculated by PROC PROBIT (SAS 
Institute Inc., Cary, NC).  
Results and Discussion 
Salicylic acid inhibited egg hatch and was lethal to J2s of M. incognita  
Among three phytochemicals, salicylic acid showed an inhibitory effect on egg hatching of 
M. incognita. Its inhibitory effect was not significantly different than the negative control (0.1 M 
levamisole). In contrast, ferulic and jasmonic acid did not inhibit the egg hatch of M. incognita. 
There was no statistically significant difference in inhibition among ferulic, jasmonic acid and 
positive control (H2O) (Fig. 1). Similarly, Wuyts et al. (2006) showed that ferulic acid did not have 
inhibitory effect on egg hatching of M. incognita. In contrast, salicylic acid inhibited egg hatch 
(Wuyts et al., 2006).  
  
Salicylic acid was toxic to eggs and J2s of M. incognita and M. hapla at low concentrations 
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In dose response trials, IEHC50 of salicylic acid ranged from 42 to 79 µg/mL on egg hatch of 
M. incognita and M. hapla. Also, the IC50 of salicylic acid on J2s M. incognita was 62 – 106 µg/mL 
in the mortality assay (Table 1). This result was similar to Wuyts et al. (2006) which showed that 
the IEHC50 was 537 µg/mL at 7 days after treatment with 27% of inhibition. Also, Wuyts et al. 
(2006) showed that the IC50 of salicylic acid to M. incognita J2s was ranged from 40-61 µg/mL 
after three days of treatment. The IEHC50 of salicylic acid in our study was lower and more 
effective than in the study of Wuyts et al. (2006). This might be explained by the longer 
observation of our study (15 days after treatment) compared to the study of Wuyts et al. (2006). 
Similarly, Flemming et al. (2017) showed that salicylic acid was toxic to J2s of M. incognita at 
concentration of 1-100 mM.  
Our study showed that ferulic and jasmonic acid did not inhibit the egg hatching of M. 
incognita. Interestingly, Wuyts et al. (2006) and Schouteden et al. (2017) demonstrated that 
ferulic acid and methyl jasmonate (a derivative of jasmonic acid) were lethal to J2s M. incognita.  
More study is needed to understand this phenomenon. Also, it is interesting to study the 





























Table C.1. Salicylic acid were toxic to M. incognita and M. hapla egg hatch and J2s  
Treatment 
Egg J2s 













M. incognita 53.05  
(41.57 - 63.68) 
79.21  
(60.31 - 99.49) 
106.32  
(73.61 - 137.05) 
61.91  
(45.87 - 76.2) 
M. hapla 42.46  
(13.43 – 69.1) 
59.98  
(39.84 - 78.48) 
NA NA 









































Figure C.1. Effects of phytochemicals on M. incognita egg hatch. Mean of hatched 
J2s. Different letters at the end of the curves indicate statistically significant 
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The supplementary file “The total of differentially expressed genes in all bacteria treated plants” 
including a spreadsheet indicates upregulated or downregulated genes in bacteria treated plants 











































DIFFERENTIALLY EXPRESSED GENES IN TREATMENT IN-B-17 AND IN-B-590 AND THEIR GENE 
ONTOLOGY ENRICHMENT ANALYSIS 
 




AN B C D 
Os09g0448500 1.350116 1.215436 0 0 Uncharaterized 
Os10g0117000 1.310131 1.188258 0 0 XYLOGLUCAN ENDOTRANSGLUCOSYDASE/HYDROLASE 
27 
Os12g0484900 1.259165 0.981478 0 0 GROWTH-REGULATING FACTOR 7 
Os11g0644100 1.230517 1.215436 0 0 Leucine-rich repeat, N-terminal domain containing 
protein. 
Os11g0125900 1.207412 1.251447 0 0 Similar to GDA1/CD39 family protein, expressed. 
Os03g0135100 1.174379 0.998116 0 0 PHI GLUTATHIONE S-TRANSFERASE 15 
Os07g0105900 1.146024 1.122627 0 0 NB-ARC domain containing protein. 
Os06g0115700 1.139894 0.98086 0 0 Uncharaterized 
Os10g0394200 1.124547 1.214872 0 0 Subtilisin 60, SUBTILISIN 60 
Os02g0829100 1.120942 1.022701 0 0 Replication protein A 32kDa subunit, RPA32kDa subunit, 
replication protein A 32 kDa subunit 
Os05g0476200 1.100427 1.000337 0 0 MINI-CHROMOSOME MAINTENANCE PROTEIN 3 
Os05g0438700 1.083754 0.89823 0 0 Similar to Histone H3. 
Os11g0522900 1.082619 0.853533 0 0 SERINE CARBOXYPEPTIDASE 63 
Os05g0518200 1.080487 1.106274 0 0 Uncharaterized 
Os12g0638100 1.074807 0.939697 0 0 Similar to Receptor-like protein kinase. 
Os08g0475100 1.064219 0.994866 0 0 Alpha/beta hydrolase fold-3 domain containing protein. 
Os03g0134900 1.061208 0.885392 0 0 PHI GLUTATHIONE S-TRANSFERASE 14 
Os10g0418000 1.053415 0.839528 0 0 Uncharaterized 
Os01g0176500 1.051804 1.10169 0 0 Uncharaterized 
Os03g0320800 1.050797 1.03428 0 0 Similar to Leucine Rich Repeat family protein, expressed. 
Os06g0160100 1.010921 0.830669 0 0 Similar to Histones H3 and H4 (ISS). 
Os04g0573300 1.008768 0.804879 0 0 Subtilisin 45, SUBTILISIN 45 
Os04g0545250 0.992759 1.05868 0 0 ARABINOGALACTAN PROTEIN 5 
Os07g0600000 0.979482 0.87548 0 0 Uncharaterized 
Os01g0929000 0.974838 1.049591 0 0 Similar to aminopeptidase. 
Os04g0678700 0.974775 1.175419 0 0 NADPH: protochlorophyllide oxidoreductase A, 
Protochlorophyllide oxidoreductase A 
Os06g0119600 0.970837 1.113212 0 0 Peptidase aspartic, catalytic domain containing protein. 











Table E.1. Continued 
GeneID 
Log2FC (treatment/control) Gene name 
AN B C D 
Os01g0855000 0.908888 0.80669 0 0 Similar to Glycerol-3-phosphate acyltransferase 6 (EC 
2.3.1.15) (AtGPAT6). 
Os08g0490900 0.89606 0.890855 0 0 Uncharaterized 
Os02g0666500 0.887285 0.920995 0 0 Similar to Cytochrome P450. 
Os03g0791700 0.853106 0.855714 0 0 Tyrosine protein kinase domain containing protein. 
Os03g0279200 0.816877 0.782624 0 0 Similar to Histone H2A. 
Os02g0483500 -0.89873 -1.19127 0 0 malonyltransferase 2, flavonol 3-O-glucoside 
malonyltransferase 
Os10g0464000 -0.91243 -1.06335 0 0 Similar to Hypersensitive-induced response protein. 
Os01g0216000 -1.08371 -1.25269 0 0 GDSL ESTERASE/LIPASE PROTEIN 7 
Os06g0294950 -1.27381 -1.34139 0 0 Uncharaterized 










AN B C D 
Os03g0314750 1.527911 0 0 0 Hypothetical conserved gene. 
Os12g0108000 1.454143 0 0 0 LACCASE 27 
Os09g0454300 1.423915 0 0 0 F-box protein 491 
Os01g0765500 1.388927 0 0 0 Conserved hypothetical protein. 
Os06g0123000 1.386961 0 0 0 Conserved hypothetical protein. 
Os06g0134700 1.348333 0 0 0 Protein kinase, core domain containing protein. 
Os04g0188433 1.324982 0 0 0 Similar to OSIGBa0102N07.2 protein. 
Os03g0750900 1.30876 0 0 0 Conserved hypothetical protein. 
Os07g0222200 1.285106 0 0 0 Similar to VEP1 (VEIN PATTERNING 1); binding / 
catalytic. 
Os09g0552500 1.273221 0 0 0 Protein of unknown function DUF1210 family 
protein. 
Os06g0121500 1.260125 0 0 0 Peptidase A1 domain containing protein. 
Os03g0174200 1.247645 0 0 0 Conserved hypothetical protein. 
Os04g0201000 1.228034 0 0 0 Similar to OSIGBa0113K06.10 protein. 
Os12g0568200 1.186153 0 0 0 METALLOTHIONEIN I-4B 
Os05g0277500 1.15336 0 0 0 GERMIN-LIKE PROTEIN 5-2 
Os10g0159700 1.132749 0 0 0 cold-induced anther protein 
Os07g0659500 1.11159 0 0 0 Pollen Ole e 1 allergen/extensin domain containing 
protein. 
Os06g0160001 1.109365 0 0 0 H3 histone, Histone 3 
Os04g0685200 1.088227 0 0 0 Peptidase aspartic, catalytic domain containing 
protein. 
Os07g0601600 1.084484 0 0 0 Non-SMC condensin subunit, XCAP-D2/Cnd1 family 
protein. 
Os05g0561400 1.079915 0 0 0 Conserved hypothetical protein. 
Os10g0147400 1.072894 0 0 0 like aux1-4, related to AUX1-4, auxin transporter 4 
Os08g0538700 1.057515 0 0 0 retinoblastoma protein homolog 2, etinoblastoma-
related 2, retinoblastoma-related protein-1 
Os09g0528000 1.056243 0 0 0 KIN7J 
Os11g0107700 1.044613 0 0 0 Similar to Beta-D-xylosidase. 
Os01g0191800 1.042293 0 0 0 Similar to Aurora kinase. 
Os09g0111100 1.041862 0 0 0 CYCLIN-D3-1 








AN B C D 
Os04g0516200 1.038231 0 0 0 G1 LIKE PROTEIN 4 
Os12g0145900 1.023625 0 0 0 Similar to Pyrophosphate--fructose 6-phosphate 1-
phosphotransferase alpha subunit (EC 2.7.1.90) (PFP) 
(6-phosphofructokinase, pyrophosphate dependent) 
(Pyrophosphate-dependent 6-phosphofructose-1-
kinase) (PPi-PFK). 
Os09g0557900 1.019077 0 0 0 EARLY NODULIN LIKE PROTEIN 21 
Os04g0166000 1.011251 0 0 0 Conserved hypothetical protein. 
Os11g0297800 0.997069 0 0 0 Similar to Leucine Rich Repeat family protein, 
expressed. 
Os04g0496300 0.996658 0 0 0 Similar to H0306B06.4 protein. 
Os05g0526400 0.994001 0 0 0 Reticulon family protein. 
Os03g0310000 0.992733 0 0 0 GDSL ESTERASE/LIPASE PROTEIN 46 
Os02g0714200 0.985166 0 0 0 pyrophosphate-fructose-6-
phosphatephosphotransferase  alpha subunit 1, PFP-
alpha subunit 1 
Os01g0739700 0.96812 0 0 0 Glycoside hydrolase, family 17 protein. 
Os02g0258300 0.967486 0 0 0 Zinc finger, FYVE/PHD-type domain containing 
protein. 
Os03g0221500 0.965277 0 0 0 Glycoside hydrolase, family 17 protein. 
Os01g0251400 0.959508 0 0 0 Conserved hypothetical protein. 
Os04g0683800 0.958332 0 0 0 Similar to Phosphoribosyltransferase (Fragment). 
Os06g0474500 0.958276 0 0 0 Similar to ADR11 protein (Fragment). 
Os05g0113900 0.956916 0 0 0 Similar to Histone H2A. 
Os05g0512600 0.955504 0 0 0 X8 domain containing protein. 
Os01g0852400 0.95427 0 0 0 Protein of unknown function DUF740 family protein. 
Os03g0339300 0.952685 0 0 0 class III peroxidase 41, peroxidase 8.1 
Os07g0674400 0.94898 0 0 0 RmlC-like jelly roll fold domain containing protein. 
Os03g0162200 0.938525 0 0 0 Similar to Histone H2A. 
Os05g0429700 0.936595 0 0 0 C2 calcium-dependent membrane targeting domain 
containing protein.Similar to 
phosphoribosylanthranilate transferase. 
Os01g0866200 0.934122 0 0 0 Similar to Histone H3. 
Os01g0756900 0.933596 0 0 0 ARABINOGALACTAN PROTEIN 17 
Os03g0761500 0.929184 0 0 0 Subtilisin 31, SUBTILISIN 31 
Os01g0110800 0.928653 0 0 0 Leucine-rich repeat, plant specific containing protein. 
Os05g0547600 0.92546 0 0 0 Hypothetical protein. 
Os06g0159501 0.924264 0 0 0 Similar to 65kD microtubule associated protein.Similar 
to microtubule-associated protein MAP65-1a. 
Os10g0150300 0.923887 0 0 0 Similar to C-terminal peptide-binding protein 1. 
Os02g0629800 0.902366 0 0 0 Cp-thionin 1, defensin-like 7 










AN B C D 
Os02g0741800 0.896275 0 0 0 Similar to Permease 1. 
Os05g0406800 0.883827 0 0 0 Leucine-rich repeat, N-terminal domain containing 
protein. 
Os03g0401300 0.861639 0 0 0 SUCROSE SYNTHASE 1 
Os03g0286500 0.856609 0 0 0 Similar to RNA-binding region containing protein 1 
(HSRNASEB) (ssDNA binding protein SEB4) (CLL-
associated antigen KW-5). Splice isoform 2. 
Os06g0308300 0.842862 0 0 0 Protein of unknown function DUF239, plant domain 
containing protein. 
Os10g0508000 0.825657 0 0 0 Similar to Leucine Rich Repeat family protein, expressed. 
Os06g0643500 0.820343 0 0 0 Protein of unknown function DUF594 domain containing 
protein. 
Os01g0511700 -1.06721 0 0 0 Conserved hypothetical protein. 
Os06g0681200 -1.51711 0 0 0 EARLY NODULIN LIKE PROTEIN 18 
Os05g0468800 -1.56732 0 0 0 COLD REGULATED PROTEIN 
Os03g0797400 -1.57037 0 0 0 indole-3-glycerol phosphate lyase 
Os05g0373900 -1.62362 0 0 0 Similar to Eukaryotic peptide chain release factor 
subunit 1 (eRF1) (Eukaryotic release factor 1) (TB3-1) 
(Cl1 protein). 










AN B C D 
Os01g0907600 0 1.829458 0 0 senescence associated gene 12-1 
Os05g0202800 0 1.707787 0 0 METALLOTHIONEIN 3B 
Os05g0130400 0 1.605374 0 0 Protein of unknown function DUF247, plant family 
protein. 
Os03g0301600 0 1.53804 0 0 Conserved hypothetical protein. 
Os09g0396900 0 1.537669 0 0 Vacuolar Iron Transporter 2 
Os01g0124000 0 1.471798 0 0 BOWMAN-BIRK INHIBITOR 2-1 
Os06g0237000 0 1.442721 0 0 Conserved hypothetical protein. 
Os04g0587300 0 1.431611 0 0 PURINE PERMEASE 10 
Os01g0615100 0 1.431539 0 0 Similar to Substilin /chymotrypsin-like inhibitor 
(Proteinase inhibitor). 
Os03g0219100 0 1.42782 0 0 Cellular retinaldehyde-binding/triple function, C-
terminal domain containing protein. 
Os05g0376800 0 1.420567 0 0 Gibberellin regulated protein family protein. 
Os12g0136300 0 1.388989 0 0 Similar to Kinesin motor domain containing protein, 
expressed. 
Os03g0793600 0 1.374877 0 0 Similar to type I inositol-1,4,5-trisphosphate 5-
phosphatase CVP2. 
Os01g0210300 0 1.319112 0 0 Conserved hypothetical protein. 
Os04g0141400 0 1.312893 0 0 Concanavalin A-like lectin/glucanase domain containing 
protein. 
Os03g0587200 0 1.307272 0 0 KIN12C 
Os04g0227000 0 1.267565 0 0 Leucine-rich repeat, N-terminal domain containing 
protein. 
Os11g0244300 0 1.253108 0 0 Similar to AT.I.24-5 protein (Fragment). 
Os12g0106000 0 1.252273 0 0 FERRITIN 2 
Os09g0345500 0 1.250668 0 0 Conserved hypothetical protein. 
Os03g0691500 0 1.235228 0 0 Hypothetical conserved gene. 
Os12g0590500 0 1.213477 0 0 Conserved hypothetical protein. 
Os01g0101800 0 1.212248 0 0 Conserved hypothetical protein. 
Os09g0547200 0 1.189502 0 0 Similar to Fatty acyl coA reductase. 
Os02g0656100 0 1.178109 0 0 Conserved hypothetical protein. 
Os03g0159600 0 1.177585 0 0 LATE EMBRYOGENESIS ABUNDANT PROTEIN 30 
Os09g0476800 0 1.158364 0 0 FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 10 










AN B C D 
Os04g0620200 0 1.153168 0 0 GRAIN SETTING DEFECT1 
Os09g0488800 0 1.148578 0 0 Glycoside hydrolase, family 29 (alpha-L-fucosidase) 
protein. 
Os11g0106700 0 1.111843 0 0 FERRITIN 1 
Os05g0470900 0 1.111384 0 0 Protein of unknown function DUF688 domain 
containing protein. 
Os10g0334500 0 1.111384 0 0 Conserved hypothetical protein. 
Os10g0533150 0 1.100694 0 0 Conserved hypothetical protein. 
Os09g0520800 0 1.091638 0 0 Protein of unknown function DUF292, eukaryotic 
domain containing protein. 
Os11g0221000 0 1.088795 0 0 IAA27 
Os05g0409400 0 1.086635 0 0 Similar to Microtubule-associated protein MAP65-1a. 
Os08g0250000 0 1.08383 0 0 Hypothetical conserved gene. 
Os08g0515700 0 1.082845 0 0 Conserved hypothetical protein. 
Os03g0120000 0 1.06521 0 0 Conserved hypothetical protein. 
Os01g0942300 0 1.045332 0 0 endo-(1,3;1,4)-beta-glucanase 2 
Os01g0123900 0 1.042765 0 0 BOWMAN-BIRK INHIBITOR 2-2 
Os07g0182900 0 1.038673 0 0 METHYLTRANSFERASE 1B 
Os03g0339700 0 1.03835 0 0 Protein of unknown function DUF827, plant family 
protein. 
Os05g0513100 0 1.03698 0 0 TEOSINTE BRANCHED/CYCLOIDEA/PROLIFERATING 
CELL FACTOR 18 
Os02g0691500 0 1.03424 0 0 basic helix-loop-helix protein 049 
Os03g0758100 0 1.033657 0 0 Starch phosphorylase 1, plastidial starch 
phosphorylase1, plastidial starch phosphorylase 1, 
Plastidic a-1, 4-glucan phosphorylase 2 
Os04g0495500 0 1.013673 0 0 b-ZIP TRANSCRIPTION FACTOR 36 
Os10g0150400 0 1.012221 0 0 Protein of unknown function DUF1210 family protein. 
Os06g0317400 0 1.001518 0 0 Glycine rich family protein. 
Os01g0855200 0 -1.03636 0 0 Tetratricopeptide-like helical domain containing 
protein. 
Os02g0586900 0 -1.03809 0 0 endosperm-specific gene 40 
Os06g0695900 0 -1.04124 0 0 Zinc finger, RING-type domain containing protein. 
Os10g0455000 0 -1.0519 0 0 Similar to ATPase, AAA family protein. 
Os03g0379300 0 -1.05307 0 0 basic helix-loop-helix protein 063 
Os08g0201700 0 -1.08814 0 0 Protein kinase-like domain domain containing 
protein. 
Os04g0688300 0 -1.09662 0 0 class III peroxidase 61, Peroxidase 2 
Os02g0528900 0 -1.09823 0 0 PLEIOTROPIC DRUG RESISTANCE 2 






Table E.3. Continued 
GeneID 
Log2FC (treatment/control)  
AN B C D Gene name 
Os07g0632000 0 -1.11472 0 0 Similar to Xylanase inhibitor protein I precursor. 
Os03g0103100 0 -1.12896 0 0 hybrid proline- or glycine-rich protein 3 
Os03g0161600 0 -1.13067 0 0 Similar to EPIDERMAL PATTERNING FACTOR-like protein 4. 
Os01g0647200 0 -1.16579 0 0 Hypothetical conserved gene. 
Os10g0552800 0 -1.17593 0 0 hybrid proline- or glycine-rich protein 20 
Os04g0659300 0 -1.17744 0 0 ROOT MEANDER CURLING 
Os12g0236050 0 -1.18242 0 0 Similar to ARGOS. 
Os10g0160600 0 -1.18913 0 0 Conserved hypothetical protein. 
Os06g0701700 0 -1.19392 0 0 HIGH-AFFINITY K+ TRANSPORTER 1 
Os03g0751100 0 -1.19598 0 0 Oligopeptide Transporter, Oligopeptide Transporter 7 
Os04g0578600 0 -1.2003 0 0 FERRIC REDUCTASE 2 
Os10g0169200 0 -1.202 0 0 Conserved hypothetical protein. 
Os04g0387300 0 -1.20438 0 0 Similar to OSIGBa0075F02.1 protein. 
Os02g0226200 0 -1.23209 0 0 HAD-superfamily subfamily IB hydrolase, hypothetical 1 
protein. 
Os06g0295000 0 -1.23646 0 0 Hypothetical conserved gene. 
Os03g0196000 0 -1.25059 0 0 SULPHATE TRANSPORTER 1;2 
Os12g0191500 0 -1.27692 0 0 class III peroxidase 137 
Os10g0529500 0 -1.28677 0 0 TAU GLUTATHIONE S-TRANSFERASE 30 
Os04g0691900 0 -1.28927 0 0 Chaperonin Cpn60/TCP-1 family protein. 
Os07g0638400 0 -1.29069 0 0 Similar to 1-Cys peroxiredoxin. 
Os06g0326900 0 -1.29343 0 0 Protein of unknown function DUF296 domain containing 
protein. 
Os03g0150800 0 -1.30438 0 0 PHOSPHATE TRANSPORTER 2 
Os10g0376900 0 -1.30816 0 0 basic helix-loop-helix protein 045 
Os03g0667300 0 -1.32232 0 0 IRON-REGULATED TRANSPORTER 2 
Os10g0195250 0 -1.33312 0 0 Similar to Dirigent-like protein, expressed. 
Os10g0447400 0 -1.34954 0 0 Similar to BRASSINOSTEROID INSENSITIVE 1-associated 
receptor kinase 1. 
Os03g0326200 0 -1.35224 0 0 Similar to aminophospholipid ATPase. 
Os01g0655500 0 -1.36368 0 0 Protein kinase, core domain containing protein. 
Os10g0390800 0 -1.36693 0 0 ETHYLENE RESPONSE FACTOR 59 
Os01g0608300 0 -1.37583 0 0 Similar to aspartic proteinase nepenthesin-2. 










AN B C D 
Os07g0630400 0 -1.37751 0 0 RIBONUCLEASE 1 
Os09g0451400 0 -1.38215 0 0 AMINOCYCLOPROPANE-1-CARBOXYLIC ACID OXIDASE 1 
Os10g0552600 0 -1.41551 0 0 hybrid proline- or glycine-rich protein 18 
Os06g0271600 0 -1.43117 0 0 Zinc finger, RING/FYVE/PHD-type domain containing 
protein. 
Os07g0541800 0 -1.4375 0 0 Similar to KI domain interacting kinase 1. 
Os03g0431600 0 -1.44096 0 0 Hypothetical conserved gene. 
Os07g0677100 0 -1.44163 0 0 PEROXIDASE 8.1 
Os03g0611100 0 -1.46585 0 0 Non-protein coding transcript. 
Os04g0444300 0 -1.47865 0 0 Similar to PR-1a pathogenesis related protein (Hv-1a) 
precursor. 
Os03g0439700 0 -1.50432 0 0 Protein of unknown function DUF1230 family protein. 
Os01g0952800 0 -1.52936 0 0 basic helix-loop-helix protein 056 
Os12g0236100 0 -1.56199 0 0 Cytochrome P450 family protein. 
Os11g0488900 0 -1.58525 0 0 F-box protein 600 
Os07g0258400 0 -1.59237 0 0 BACTERIOCIDE EFFECT 1 
Os09g0130300 0 -1.6065 0 0 Protein of unknown function DUF833 family protein. 
Os01g0871600 0 -1.60832 0 0 Proton-dependent oligopeptide transporter family 
protein 
Os01g0722300 0 -1.62227 0 0 Myb transcription factor domain containing protein. 
Os02g0649900 0 -1.62923 0 0 YELLOW STRIP-LIKE GENE 2 
Os11g0262600 0 -1.73363 0 0 Hypothetical protein. 
Os12g0282000 0 -1.81299 0 0 mitochondrial iron-regulated gene 
Os06g0546500 0 -1.81539 0 0 class III peroxidase 88 
Os05g0381400 0 -1.8644 0 0 plasma membrane protein 1, AWPM-19-like protein 1 
Os07g0431160 0 -2.13694 0 0 Similar to Thionin-like peptide. 
Os09g0129800 0 -2.23501 0 0 Hypothetical protein. 






Table E.4. GO enrichment analysis of DEGs in treatment In-b-17 and In-b-590 
GO accession number Term P-value FDR 
GO:0031982 vesicle 0.0012 0.0043 
GO:0016023 cytoplasmic membrane-bounded vesicle 0.0011 0.0043 
GO:0031410 cytoplasmic vesicle 0.0012 0.0043 






Table E.5. GO enrichment analysis of DEGs in treatment In-b-17 only 
GO accession number Term P-value FDR 
GO:0031982 vesicle 1.20E-05 5.40E-05 
GO:0016023 cytoplasmic membrane-bounded vesicle 1.20E-05 5.40E-05 
GO:0031410 cytoplasmic vesicle 1.20E-05 5.40E-05 
GO:0031988 membrane-bounded vesicle 1.20E-05 5.40E-05 
GO:0043229 intracellular organelle 0.025 0.047 
GO:0043227 membrane-bounded organelle 0.029 0.047 
GO:0043226 organelle 0.025 0.047 
GO:0005623 cell 0.019 0.047 
GO:0043231 intracellular membrane-bounded organelle 0.029 0.047 
GO:0044464 cell part 0.019 0.047 






Table E.6. GO enrichment analysis of DEGs in treatment In-b-590 only 
GO accession number Term P-value FDR 
GO:0006826 iron ion transport 1.40E-08 8.40E-07 
GO:0015674 di-, tri-valent inorganic cation transport 2.00E-07 5.80E-06 
GO:0000041 transition metal ion transport 7.80E-07 1.50E-05 
GO:0006811 ion transport 6.00E-05 0.00087 
GO:0006869 lipid transport 0.00011 0.0013 
GO:0030001 metal ion transport 0.00015 0.0014 
GO:0051179 localization 0.00039 0.0023 
GO:0006812 cation transport 0.00038 0.0023 
GO:0006810 transport 0.0003 0.0023 
GO:0051234 establishment of localization 0.00031 0.0023 
GO:0006979 response to oxidative stress 0.00073 0.0038 
GO:0019725 cellular homeostasis 0.00097 0.0047 
GO:0042592 homeostatic process 0.0012 0.0055 
GO:0042221 response to chemical stimulus 0.0015 0.0058 
GO:0055114 oxidation reduction 0.0015 0.0058 
GO:0065008 regulation of biological quality 0.0054 0.02 
GO:0016209 antioxidant activity 0.0001 0.0014 
GO:0016684 oxidoreductase activity, acting on peroxide as 
acceptor 
8.20E-05 0.0014 
GO:0004601 peroxidase activity 8.20E-05 0.0014 
GO:0005506 iron ion binding 0.0011 0.011 
GO:0016491 oxidoreductase activity 0.0031 0.026 
GO:0031982 vesicle 8.00E-05 0.00046 
GO:0016023 cytoplasmic membrane-bounded vesicle 7.90E-05 0.00046 
GO:0031988 membrane-bounded vesicle 7.90E-05 0.00046 
GO:0031410 cytoplasmic vesicle 8.00E-05 0.00046 
GO:0005576 extracellular region 0.00018 0.00082 
GO:0044464 cell part 0.0075 0.025 
GO:0005623 cell 0.0075 0.025 
 
